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ABSTRACT 
MICHAL J. NAGIEC: Coordination of MAP Kinase Signaling During Cell Fate Decisions  
(Under the direction of Dr. Henrik Dohlman) 
 
Cells detect and respond to a wide diversity of environmental signals. These 
signals commonly stimulate mitogen-activated protein kinase (MAPK) pathways that 
evoke a cellular response. Particular environmental signals generate MAPK responses 
that are mutually exclusive. The coordination of competing MAPK signals is required to 
produce an appropriate cell fate. Budding yeast, Saccharomyces cerevisiae, use MAPK 
pathways to respond to developmental signals and environmental stress. Mating 
pheromones initiate the mating response pathway, which promotes mating 
differentiation. Hyperosmotic stress initiates the high osmolarity stress (HOG) response 
pathway, which promotes stress adaptation. The two pathways share components 
despite producing competing cell fates. Here we describe mechanisms that coordinate 
MAPK signaling to ensure proper cell fate decisions. We studied how the mating MAPK 
Fus3 and the HOG MAPK, Hog1 are coordinated in co-stimulated cells. We find that 
stress adaptation takes precedence over mating differentiation by two Hog1-dependent 
mechanisms. First, Hog1 phosphorylates the protein kinase, Rck2, and thereby inhibits 
pheromone-induced protein translation. Second, Hog1 phosphorylates a shared pathway 
component, Ste50, and thereby dampens pheromone-induced MAPK activation. These 
findings point to two mechanisms of cross-pathway inhibition used by one MAPK to 
coordinate the activity of a second, competing MAPK. We also studied the coordination 
that occurs between the two MAPKs activated by mating pheromones, Fus3 and Kss1. 
Both MAPK have roles in the mating response however Kss1 also promotes filamentous 
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growth in response to poor nutrient conditions. Thus coordination of Fus3 and Kss1 is 
critical to maintaining proper mating differentiation. We find that Fus3 phosphorylates a 
shared pathway component Ste7 to diminish Kss1 activity and prevent aberrant 
filamentous growth during the mating response.  
The study of mechanisms that determine cell fate in yeast might provide insights 
about signal coordination and attenuation in more complex eukaryotic MAPK pathways. 
Our analysis reveal that feedback phosphorylation of shared components contribute to 
the coordination of MAPK activity. The insights gained from this work could contribute to 
discovery of new therapies, specifically for disease where MAPK pathways are 
hyperactivated.   
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 CHAPTER I 
INTRODUCTION 
All living cells continuously survey their environment for changes that may 
improve or compromise their chances of survival. Eukaryotic cells use mitogen activated 
protein kinases (MAPK) to detect changes in their environment and produce appropriate 
responses. MAPKs regulate vital cell fate decisions including proliferation, differentiation 
and apoptosis (Johnson and Lapadat 2002). Accordingly, these signaling proteins are 
often deregulated during the progression of disease, including cell proliferation in 
developing cancers and neuron apoptosis leading to neurodegenerative disorders (Kim 
and Choi 2010). Understanding the regulatory mechanisms that govern the activity of 
these proteins presents an opportunity for the development of new therapies to combat 
disease.  
This thesis focuses on the regulatory mechanisms that coordinate MAPK 
signaling during cell fate decisions. Much is known about the components of individual 
MAPK pathways and the mechanisms that regulate their activity, however the 
mechanisms that coordinate signaling of multiple MAPK pathways are poorly 
understood. This chapter introduces known mechanism of MAPK regulation, presents 
challenges associated with the study of MAPK signaling and outlines strategies to study 
complex signaling networks.      
MAPK signaling networks 
MAPKs are enzymes that transfer a phosphate onto side-chains of specific 
serine or threonine residues of target proteins. This reaction is rapid, reversible and 
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modulates the activity of the substrate. As a result, protein phosphorylation is a common 
post-translational modification that mediates intracellular signal transduction. MAPKs are 
a part of a three-tiered protein kinase cascade that has been conserved among all 
eukaryotes. The core of this signaling module is comprised of a MAPKKK (MAP kinase 
kinase kinase), MAPKK (MAP kinase kinase) and the MAPK. This three-tiered design 
enables signal amplification and allows for multiple levels of regulation (Chen and 
Thorner 2005). Furthermore, the conservation and prevalence of this design throughout 
evolution is evidence of its versatility as a signaling mechanism. 
 MAPKs promote diverse and often opposite cell fates that depend on the 
environmental context. Numerous environmental signals activate MAPKs including 
mitogens, hormones, cytokines, toxins, cellular stresses, growth factors, cell-cell and 
cell-extracellular matrix interactions. Activated MAPKs in turn regulate numerous cell 
processes including transcription, translation, cytoskeletal rearrangement, motility, cell 
cycle regulation, proliferation, development, and apoptosis. The diversity of signals 
MAPKs potentiate provides the cell with the opportunity to integrate a large amount of 
information about its environment. However, the diversity of responses produced by 
MAPKs introduces the potential for inappropriate “cross-talk”, for example proliferative 
signals activating apoptosis. To ensure signal integration while maintaining signal fidelity 
cells have developed mechanisms to regulate these signaling pathways including: 
component diversity, localization, signal strength and duration (Schwartz and Madhani 
2004; Keshet and Seger 2010). 
As organisms have evolved MAPK signaling networks have also become more 
sophisticated. Four major subfamilies of MAPKs have been identified in metazoans; 
Erk1/2, JNK, p38, and Erk5 (Johnson and Lapadat 2002). Each of these MAPK 
subfamilies responds to a number of distinct stimuli and produce distinct, sometimes 
opposing, cellular responses. In metazoans a high diversity of components contribute to 
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signal specificity. Human cells have 11 MAPKs, 7 MAPKKs, and at least 20 MAPKKKs 
(Johnson 2011). This diversity allows for the assembly of unique sets of components to 
propagate unique signals. Furthermore, the expression of specific pathway components 
can be restricted to specific cell types (Schwartz and Madhani 2004).  
MAPK signal specificity is also achieved by scaffold proteins, which organize the 
signal relay (Pawson and Scott 2010). These proteins interact with individual 
components of the MAPK cascade bringing them into proximity with one another to 
facilitate activation. Scaffold proteins also function to localize the signaling complex to 
specific cellular compartments, typically the plasma or endo-membranes, where pathway 
activators are present. Beyond tethering functions recent studies have found that a 
scaffold regulates signal output by converting the MAPK to a more favorable MAPKK 
substrate (Bhattacharyya et al. 2006; Good et al. 2009).  
MAPK signal strength and duration can also contribute to pathway specificity. In 
a classic example the activation kinetics of ERK1/2 determines whether neuronal cells 
grow and divide or form neurite protrusions. Transient ERK1/2 activation results in cell 
proliferation while sustained activation results in cell differentiation (Cowley et al. 1994; 
Marshall 1995). This behavior has been recorded in several MAPK systems and is the 
result of coordinated regulation of upstream inputs and downstream phosphatases 
(Owens and Keyse 2007). Scaffold proteins also regulate MAPK activation kinetics 
(Dhanasekaran et al. 2007). A recently identified ERK1/2 scaffold, β-arrestin mediates 
slow but sustained activation of the MAPK, which is in contrast to the rapid and transient 
activation mediated by the upstream receptor (Kovacs et al. 2009). Together, the 
diversity of pathway components, the scaffolds they interact with and the activation 
kinetics of the MAPK are all interdependent mechanisms that promote substrate 
specificity and dictate the appropriate cellular response.  
MAPK signaling is highly regulated in all cells. The regulation of metazoan MAPK 
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signaling is complex. The large diversity of pathway components and their context 
specific interactions underscore the complexity found in metazoan MAPK signaling 
systems. The activation and behavior of a particular MAPK depends on the cell type, 
growth conditions, and metabolic state of the cell. Another level of complexity arises 
when considering that the four MAPK subfamilies form an integrated signaling network. 
Pathway integration typically occurs at the level of the MAPKKK and more than half of 
the 20 MAPKKKs in metazoans have been reported to activate at least two MAPK 
subfamilies (Cuevas et al. 2007). The high-level of pathway connectivity suggests that 
common mechanisms exist to regulate signal integration. The identification of these 
mechanisms will require the study of well-characterized MAPK pathways in well-defined 
signaling contexts. 
Model system for the study of MAPK signal transduction 
MAPK signaling pathways are conserved in the simplest unicellular eukaryotes 
including the budding yeast (hereafter, yeast), Saccharomyces cerevisiae. Yeast is 
widely used as a model organism for the study of fundamental eukaryotic cell processes 
including signal transduction, metabolism, growth and division. Several aspects of yeast 
biology make it an attractive organism for study. Yeast can propagate as haploid cells 
and undergo efficient homologous recombination making genetic manipulation relatively 
simple. Accordingly, early genetic studies in yeast identified many signaling pathway 
components including upstream activators, components of the MAPK cascade and 
scaffold proteins (Hartwell 1980; Brewster et al. 1993). Numerous large-scale efforts in 
following two decades were designed to provide a broad characterization of yeast. 
These efforts include the complete sequence of the yeast genome, construction of a 
comprehensive gene deletion library and several genome-wide protein fusion libraries 
(GFP, GST, and TAP). These tools have produced a wealth of information regarding 
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gene function, protein interactions and protein localization in the cell. More recent 
system-level studies in yeast have combined computational, proteomic and genomic 
approaches to characterize cell-signaling networks (Ptacek et al. 2005; Fiedler et al. 
2009; Breitkreutz et al. 2010).  
Yeast utilize five MAPK pathways that respond to different environmental stimuli 
(Chen and Thorner 2007). Three of the MAPKs have structural and functional homologs 
in humans (Figure 1.1).  The first two MAPKs identified in yeast, Kss1 and Fus3, 
regulate cell differentiation and morphogenesis and are homologs of Erk1 and Erk2 
(Courchesne et al. 1989; Elion et al. 1990). Another functionally conserved yeast MAPK, 
Hog1 regulates adaptation to environmental stress and is a homologue of p38 (Brewster 
et al. 1993). The identification of Kss1, Fus3 and Hog1 led to the identification of 
mammalian homologues Erk1 and p38 in mammalian cells (Boulton et al. 1990; Han et 
al. 1994). Furthermore, identification of yeast MAPK scaffold proteins Ste5 and Ste50 
contributed to the characterization of mammalian counterparts that perform similar 
functions (Therrien et al. 1996; Uhlik et al. 2003). My thesis work focuses on how cell 
fate decisions are coordinated by these three conserved yeast MAPKs. Our 
understanding of mammalian MAPK signaling networks is often obscured by their 
complexity thus in our studies we use the MAPK signaling network of yeast as a 
simplified model. The discoveries made in yeast have already led to a better 
understanding of signaling systems in human cells and we anticipate that yeast will 
continue to be an informative model for the study of mechanisms that regulate MAPK 
networks. 
The mating pathway 
 Yeast employ a canonical MAPK signaling pathway for life cycle progression. 
During the yeast life cycle cells alternate between haploid and diploid states (Herskowitz 
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Figure 1.1  MAPK signaling pathways are conserved from yeast to humans. 
(A) Human MAPK pathways. (B) Yeast MAPK pathways. The three MAPK 
presented are homologs. Fus3 is homologous to Erk2 (Blue); Kss1 is homologous to 
Erk1 (Cyan); Hog1 is homologous to p38 (Yellow). Yeast and human pathways also 
share common mechanisms of regulation including scaffold proteins. Discoveries made 
in yeast are likely to drive future discovery in human pathways.   
7 
1988). Two haploid cells are able to become a diploid through a developmental process 
known as mating. The mating process is analogous to the fusion of two gametes and the 
formation of a zygote in multicellular organisms. During mating two haploid cells of 
opposite mating types, a or α, release gradients of peptide pheromones, a factor or 
α factor, respectively (Figure 1.2). The detection of pheromone by a cell of the opposite 
mating type promotes the formation of a mating projection, termed the shmoo, towards 
the source of the pheromone gradient. Once two shmoo tips make contact cells undergo 
fusion and conjugation that results in the formation of an a/α diploid cell.  
The mating process exhibits hallmarks of differentiation, where cells arrest the 
cell cycle, induce gene expression, and change morphology to adopt a new cell fate. 
The signaling pathway that drives mating differentiation is arguably the best-studied 
among all eukaryotes (Dohlman and Thorner 2001; Bardwell 2005). The mating pathway 
(Figure 1.2) in mating-type a cells is activated when the mating pheromone, α factor, 
binds a G protein coupled receptor, Ste2. Pheromone-bound Ste2 promotes the 
exchange of GDP for GTP on the Gα subunit (Gpa1) of the heterotrimeric G protein. 
GTP bound Gpa1 disassociates from Gβγ (Ste4/18) and promotes activation of several 
downstream effectors. Free Ste4 recruits the MAPK scaffold Ste5 to the plasma 
membrane where it assembles the MAPK signaling complex (Pryciak and Huntress 
1998). The complex is comprised of the MAPK (Fus3), MAPKK (Ste7), MAPKKK (Ste11) 
and the Ste11 adaptor protein Ste50 (Elion 2001). Activated Ste4 also recruits the PAK-
like kinase Ste20 to the plasma membrane. At the plasma membrane Ste20 binds the 
activated small G protein Cdc42, which relieves Ste20 auto-inhibition (Leberer et al. 
1997; Lamson et al. 2006). Activated Ste20 phosphorylates Ste11 and activates the 
three-tiered MAPK module (Drogen et al. 2000). Activated Fus3 induces gene 
transcription, cell cycle arrest and cyto-skeletal rearrangement (Chang and Herskowitz 
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Figure 1.2  The yeast mating response. 
Haploid yeast exist as two mating types a and α that release peptide 
pheromones a factor and α factor, respectively. Mating pheromones bind cell surface 
receptors to activate the mating response, promoting cell cycle arrest, mating 
differentiation and eventual cell fusion. The pear shaped morphology prior to conjugation 
is termed “shmoo”. Upon fusion cells become a/α diploids. The binding of α factor to cell 
surface G protein coupled receptor (GPCR) Ste2 in mating type a cells activates 
downstream signaling events (detailed in the text) that produce the mating response. 
Pheromones activate a heterotrimeric G protein (Gpa1/Ste4/Ste18) which recruits and 
activates a three-tiered MAPK kinase cascade (Ste11-Ste7-Fus3/Kss1). Activation of the 
MAPK drives mating differentiation in anticipation of conjugation. 
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1990; Roberts et al. 2000; Yu et al. 2008).  
Mating differentiation is driven by the phosphorylation of two Fus3 substrates, the 
transcription factor, Ste12 and the scaffold protein, Far1 (Elion et al. 1993). Ste12 
induces the transcription of genes required for mating, whereas Far1 enables cell-cycle 
arrest and proper shmoo formation. Upon phosphorylation by Fus3, Far1 acts as a 
cyclin-dependent kinase (CDK) inhibitor and blocks exit from G1 phase of the cell cycle 
(Chang and Herskowitz 1990). The arrest of cells in G1 ensures all cells have only one 
copy of their genetic material prior to conjugation, thereby preventing aneuploidy. During 
mating differentiation Far1 is exported from the nucleus and binds activated Ste4 
(Shimada et al. 2000). Far1 also shuttles the Cdc42 guanine nucleotide exchange factor 
(GEF), Cdc24 to sites of activated receptor and G protein (Butty et al. 1998; Nern and 
Arkowitz 1999). Thus, Far1 ensures that Cdc42-mediated membrane polarization occurs 
at sites where the greatest numbers of receptors are being activated by high 
concentrations of pheromone. 
The role of Kss1 during mating is distinct from that of Fus3 (Breitkreutz and Tyers 
2002). Kss1 was first identified as a multicopy suppressor of mating pathway mutants 
that resulted in constitutive growth arrest by pheromone (Courchesne et al. 1989). This 
observation suggested that Kss1 has a negative role in the regulation of the pheromone 
response. However, further studies revealed that Kss1 could partially compensate for 
the loss of Fus3 during mating (Elion et al. 1991). Shortly thereafter it was discovered 
that Kss1 regulates the filamentous growth response during nutrient limiting conditions in 
haploid cells (Liu et al. 1993; Roberts and Fink 1994). When cells are starved they 
forage for new sources of nutrients by growing invasively into the substratum. 
Surprisingly, the activation of the invasive growth response requires the same 
three-tiered MAPK cascade as the mating response as evidenced by the redundancy 
between Fus3 and Kss1 during mating. This immediately raised questions of how two 
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pathways that share components maintain specificity. An early model proposed that the 
two kinases obstruct each other to prevent unwanted cross-activation (Madhani et al. 
1997). The authors concluded that Kss1 is only activated by nutrient deprivation while 
mating pheromones only activate Fus3. However, several papers soon showed that 
physiological levels of pheromones could also activate Kss1 (Breitkreutz et al. 2001; 
Sabbagh et al. 2001). The activation of Kss1 by pheromones raises the possibility that it 
may be required to achieve a full mating response. Kss1 has been shown to directly bind 
and inhibit Ste12 in the inactive state (Bardwell et al. 1998a; Bardwell et al. 1998b), 
suggesting that Kss1 activation may be required to allow for full mating gene 
transcription. The contribution of Kss1 to the mating response requires further study as 
do the mechanisms responsible for preventing inappropriate activation of filamentous 
growth by mating pheromones. Thus, the mating pathway is a model of MAPK 
coordination during cell fate decisions.  
The high osmolarity glycerol response pathway 
Yeast cells require a positive cell turgor pressure to maintain growth. Sudden 
increase in external osmolarity results in water leaving the cell (Figure 1.3). The 
reduction of cell volume results in a drop in turgor pressure. In response to reduced 
turgor pressure cells activate the high osmolarity glycerol (HOG) MAPK pathway 
(Hohmann 2002; Hohmann et al. 2007). Activation of the stress MAPK, Hog1, initiates 
rapid adaptation by the production of an intracellular solute, glycerol (Reed et al. 1987; 
Nevoigt and Stahl 1997). As glycerol accumulates water flows back into the cell, positive 
turgor pressure is restored and growth resumes.  
The HOG pathway (Figure 1.3) is composed of two independent branches, 
SHO1 and SLN1. The two branches use different components to detect and respond to 
osmotic stress as outlined below. As shown in Figure 1.3, both branches converge on  
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Figure 1.3  The high osmolarity glycerol (HOG) response. 
Hyperosmotic stress activates a MAPK pathway that produces a rapid stress 
response to ensure survival. High external osmolarity drives water out of the cell. High 
osmolarity and reduction in cell volume are detected by the SHO1-branch (Magenta) and 
SLN1-branch (Cyan), respectively. Each branch activates downstream signaling events 
(detailed in the text) that converge on the activation of three-tiered MAPK module. The 
activation of the MAPK Hog1 results in the production of glycerol, gene transcription and 
cell cycle arrest which allow cells to restore osmotic balance and resume growth.     
 
 
 
 
 
 
 
 
 
 
 
 
12 
the MAPKK, Pbs2, which also serves as a scaffold for the upstream MAPKKKs and the 
downstream MAPK, Hog1.  
The SHO1 branch is activated by two osmosensors, Hkr1 and Msb2, which are 
thought to detect increases in external osmolarity (Tatebayashi et al. 2007). Sho1 is a 
transmembrane protein that receives the extracellular stress signal detected by the 
osmosensors and converts it into an intracellular signal. The mechanism by which Sho1 
transmits this signal is not fully understood, but it requires the activation of the PAK 
kinase Ste20 at the plasma membrane by the activated, GTP-bound, small G protein 
Cdc42 (Lamson et al. 2006). Activated Cdc42 recruits both Ste20 and the Ste11/Ste50 
complex (comprised of the MAPKKK, Ste11, and its adaptor protein Ste50) to the 
plasma membrane (Wu et al. 1999; Tatebayashi et al. 2006; Truckses et al. 2006). 
Activated Ste20 phosphorylates and activates Ste11 (Drogen et al. 2000). Ste11/Ste50 
also interact with the membrane-anchored scaffolds Opy2 and Sho1 (Wu et al. 2006; 
Yamamoto et al. 2010). These interactions bring Ste11 in proximity with its substrate the 
MAPKK, Pbs2, which also forms a scaffold complex with Sho1 (Maeda et al. 1995; 
Zarrinpar et al. 2004).  
The SLN1 branch of the HOG pathway is activated by the sensor histidine kinase 
Sln1, which is related to prokaryotic two-component systems (Ota and Varshavsky 1993; 
Maeda et al. 1994). Sln1 together with Ypd1 and Ssk1 form a multi-step phosphorelay 
mechanism, where Sln1 is constitutively active during ambient conditions. In response to 
a loss of turgor pressure associated with hyperosmotic stress the phosphorelay is 
disrupted (Reiser et al. 2003). The response regulator of the two-component system, 
Ssk1, becomes dephosphorylated and activates the functionally redundant MAPKKKs, 
Ssk2 and Ssk22 (Posas and Saito 1998). Activated Ssk2 or Ssk22 bind and activate 
Pbs2 (Tatebayashi et al. 2003), which then phosphorylates its sole substrate Hog1 
(Brewster et al. 1993). Activated Hog1 phosphorylates several cytoplasmic and nuclear 
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targets to promote rapid and continuing adaptation to hyperosmotic stress. 
To ensure rapid adaptation to hyperosmotic conditions, Hog1 phosphorylates 
several targets that restore the osmotic balance. Glycerol accounts for 95% of the solute 
accumulated during stress recovery (Reed et al. 1987). Hog1 promotes glycerol 
production by the activation a glycolytic enzyme Pfk26 that is involved in the production 
of glycerol precursors (Dihazi et al. 2004). Hog1 also ensures rapid protection from 
stress by stimulating ion export (Proft and Struhl 2004), promoting exit from the cell cycle 
(Escote et al. 2004; Clotet et al. 2006), and inhibiting protein translation through 
phosphorylation of the MAPK-activated protein kinase, Rck2 (Bilsland-Marchesan et al. 
2000; Teige et al. 2001). These functions of Hog1 protect the process of gene 
expression and DNA replication from any errors caused by stress that could lead to cell 
damage. The activation of Hog1 is rapid and transient; the kinase is dually 
phosphorylated and fully activated within the first minute after stress and returns to basal 
levels 20 minutes after stimulation (Maeda et al. 1995). The transient kinetics of Hog1 
activation correspond to glycerol accumulation in the cell (Klipp et al. 2005; Muzzey et al. 
2009). Hog1 is turned off as glycerol accumulation reestablishes positive turgor pressure 
and cell growth. Hog1 also activates multiple transcription factors that drive a 
transcriptional response to hyperosmotic stress (de Nadal and Posas 2010). Most 
products of the transcriptional response are synthesized after cells have adapted to 
stress and are not essential for survival. This function of Hog1 is thought to protect the 
cell from further increases in stress conditions and maintain continued growth under 
sustained hyperosmotic stress. Accordingly, Hog1 has the capacity to mediate 
adaptation to hyperosmotic stress even when unable to induce transcription (Westfall et 
al. 2008).  
Regulation of MAPK specificity  
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As shown in Figure 1.4, the mating, filamentous growth and HOG, pathways use 
the same components, but inappropriate cross-talk is prevented. Signal specificity is 
kept by four putative mechanisms, (i) docking interactions, (ii) kinetic insulation, (iii) 
scaffolding and (iv) cross-pathway inhibition (Schwartz and Madhani 2004; Saito 2010). 
A common mechanism of retaining substrate specificity among kinases is to form direct 
docking interactions (Bardwell 2006). The second mechanism, termed kinetic insulation, 
occurs when different activation kinetics of pathways with shared components results in 
unique responses or substrate specificities (Behar et al. 2007). The third mechanism 
utilizes scaffold proteins to sequester components of only a single pathway thereby 
insulating the signal by physical means (Good et al. 2011). The last mechanism occurs 
when a component of one pathway blocks the signal of a parallel pathway, resulting in 
cross-pathway inhibition. These mechanisms of MAPK regulation have been described 
from yeast to humans and complement one another in maintenance of signal specificity. 
This section introduces known mechanisms that maintain signal specificity and provide 
background for the following research chapters, with focus on regulation of Fus3 and 
Hog1 during mating or the hyperosmotic stress response (Chapter II) and regulation of 
Fus3 and Kss1 during mating (Chapter III).  
The mating and HOG pathways maintain signal fidelity through contributions from 
the four mechanisms named above. Docking interactions maintain specificity at the level 
of the MAPKK. Ste7 and Fus3 share compatible docking motifs that are required for 
signal propagation in the mating pathway (Bardwell et al. 1996). However, the docking 
motifs of Ste7 and Hog1 are incompatible, preventing activation of Hog1 by mating 
pheromones (Remenyi et al. 2005). A second mechanism that prevents unwanted cross-
talk is kinetic insulation. The mating response produces sustained MAPK activation that 
promotes differentiation, while the HOG response produces transient MAPK activation 
that promotes stress adaptation (Maeda et al. 1995; Hao et al. 2008a). The difference in  
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Figure 1.4  
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Figure 1.4  Yeast MAPK pathways share components. 
(A) Common components among the mating, filamentous growth and high 
osmolarity glycerol (HOG) response pathways are highlighted in green. Despite sharing 
components each individual stimulus produces only the desired cell fate. (B) 
Mechanisms that maintain MAPK signal fidelity. (i) Docking interactions. (ii) Kinetic 
insulation. (iii) Scaffold proteins. (iv) Cross-pathway inhibition. The MAPK module is 
represented by A (MAPKKK), B (MAPKK) and C (MAPK). The components of a 
competing MAPK module are represented by A*, B* and C*.  
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MAPK activation kinetics between the two pathways also suggests that Ste11 activation 
is more sustained in response to mating pheromones and more transient in response to 
hyperosmotic stress. Scaffold proteins mediate another mechanism of insulation. Ste11 
is activated in complexes that form in response to a particular stimulus. During mating 
the mating scaffold, Ste5 binds Ste11 and directs the activation of Ste7, but not Pbs2. 
Conversely, during hyperosmotic stress conditions the co-scaffolds Sho1 and Pbs2 
interact with Ste11 and direct the activation of Pbs2, but not Ste7 (Zarrinpar et al. 2004; 
Tatebayashi et al. 2006). Finally, during hyperosmotic conditions Hog1 blocks cross-talk 
to the mating pathway. Hyperosmotic stress activates the mating response when Hog1 
is deleted or its kinase activity is disabled (Hall et al. 1996; O'Rourke and Herskowitz 
1998). The stress to mating cross-talk requires the SHO1-branch of the HOG pathway 
suggesting that the shared component Ste11 activated by stress wrongly phosphorylates 
Ste7. Despite evidence that Hog1 is required for cross-pathway inhibition, the targets of 
Hog1 that prevent stress mediated mating have remained elusive.    
The mating pathway maintains signal specificity despite activation the MAPK 
associated with the filamentous growth pathway. Thus, mechanisms that maintain 
pathway specificity between the mating and filamentous growth pathways allow 
activation of Kss1 but prevent filamentous growth. Protein-protein interactions are a 
basic mechanism of maintaining signal fidelity. Ste7 forms docking interaction with both 
Fus3 and Kss1, however the two MAPKs differ in substrate specificity. Fus3, but not 
Kss1, binds the CDK inhibitor, Far1, which is necessary for cell cycle arrest during 
mating (Remenyi et al. 2005). Another often cited source of specificity is the scaffold 
protein Ste5. The scaffold is required for pheromone signaling but is not required for the 
filamentous growth response. This suggests that Ste5 prevents starvation signals from 
activating Fus3 but it does not prevent activation of Kss1 by mating pheromones. The 
magnitude and duration of Fus3 and Kss1 activation also differ during mating pathway 
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stimulation (Sabbagh et al. 2001). Fus3 activation is highly increased and sustained, 
while Kss1 activity is transient. The transient activation of Kss1 might be required for 
mating gene transcription but does not activate the transcription of filamentous genes 
(Sabbagh et al. 2001). However, the activation of Kss1 becomes sustained in cells 
lacking FUS3, and results in aberrant transcription of filamentous genes. This suggests 
that Fus3 blocks sustained Kss1 activity and prevents cross-talk. The target of Fus3 that 
prevents cross-talk was found to be downstream of Kss1. Fus3 phosphorylates the 
filamentous growth specific transcription factor, Tec1. Phosphorylation of Tec1 leads to 
its ubiquitination and degradation (Bao et al. 2004; Chou et al. 2004). This mechanism 
ensures that Kss1 activated by pheromone cannot activate the transcription of 
filamentous genes and disrupt mating differentiation. The regulation of a component 
downstream of Kss1 does not explain how Fus3 maintains the transient activation 
kinetics of Kss1. We explore possible mechanisms of this regulation in Chapter III. 
Coordinated MAPK signaling during stress adaptation 
All eukaryotic cells coordinate multiple environmental inputs and make decisions 
on how to respond based on the environmental context. Yeast live in a dynamic 
environment and must coordinate multiple signals to make proper cell fate decisions. We 
were particularly interested in two cellular responses that drive development and stress 
adaptation. Most eukaryotic cells, with the exception of epithelial cells in response to 
injury or cancer cells that have acquired pathway activating mutations, become 
specialized after development and do not differentiate. In contrast to specialized 
eukaryotic cells cultured yeast undergo differentiation as part of their life cycle. 
Furthermore, similar to higher eukaryotes yeast use ERK homologues to promote cell 
differentiation and proliferation. The haploid yeast cell is primed to undergo mating 
differentiation if a mating partner is present. However, to initiate differentiation the right 
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environmental conditions must exist. A common source of environmental instability to a 
yeast cell is an increase in external osmolarity, for instance the breaking skin of a ripe 
fruit. Yeast have evolved the HOG response to survive a major increase in extracellular 
osmolarity. The regulation of mating signals during stress adaptation provide a unique 
model for the study of how eukaryotic cells coordinate environmental stress and 
differentiation signals.  
The mating and HOG MAPK pathways produce unique cell fates. The two 
pathways also share several core components, which provides the potential for aberrant 
cross-talk. In another view, signaling pathways share components to coordinate 
responses when both pathways are co-stimulated. Hog1 prevents the activation of the 
mating signal during hyperosmotic stress conditions (O'Rourke and Herskowitz 1998), 
suggesting that the stress response takes priority over mating during co-stimulation. Two 
recent reports investigated the response of cells co-stimulated with mating pheromones 
and hyperosmotic stress (McClean et al. 2007; Patterson et al. 2010). McClean et al., 
concluded that the responses activated by the two pathways are mutually exclusive, 
constraining cells to respond to one signal or the other. Patterson et al., concluded that 
the two pathways are insulated from one another, allowing cells to respond to both 
signals at the same time. The two studies measured pathway output downstream of the 
MAPKs at a single time point after cells have adapted to the hyperosmotic conditions. 
The work presented in Chapter II describes how the signaling pathways coordinate 
mating and stress signals, with a specific focus on early signaling events when both 
Fus3 and Hog1 are activated.  
Coordinated MAPK signaling during the mating response 
Haploid cells release pheromone gradients that are detected by potential mating 
partners. The strength of the gradient encodes information about the distance and 
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direction of a potential mating partner. Two haploid cells must be in close proximity to 
one another for conjugation to occur, thus distance between mating partners presents a 
challenge to a successful mating. Yeast are immotile organisms but are capable of 
directed growth. Nutrient limitation activates the filamentous growth pathway causing 
cells to expand in search of new sources of food. At low concentrations of pheromone 
cells exhibit filamentous-like chemotropic growth toward the source of pheromone 
(Paliwal et al. 2007; Hao et al. 2008a). The commitment to mating differentiation requires 
significant energy. Thus cells avoid activation of the mating response if the chance for 
conjugation is small. The switch-like behavior of the mating response prevents low 
concentrations of pheromone emitted from distant mating partners from activating 
shmoo formation and cell cycle arrest. Once dividing cells reach a high pheromone 
concentration the pathway becomes fully active and cells differentiate. The display of 
these separate cell behaviors in response to pheromone suggests that Fus3 and Kss1 
activation is coordinated to make the proper cell fate decision. Thus a complete 
understanding of how cell fate decisions are determined will require a grasp of the 
mechanisms that coordinate the activity of the two MAPKs.  
The mating and filamentous growth pathways share nearly every component yet 
produce unique cell fates. However, mating pheromones activate both Fus3 and Kss1 
despite the specificity in cell fate. The co-activation of the two MAPKs suggests that 
coordinated regulation is required to achieve the desired mating cell fate. Specifically, 
Kss1 activation must be transient in order to prevent aberrant filamentous growth 
(Sabbagh et al. 2001). However, the mechanisms that regulate early signaling events 
and determine cell fate are poorly understood. The transient activation kinetics of Kss1 
can be attributed to the inhibition of an upstream activator or the activation of a 
downstream repressor. Different mechanisms of regulation are expected to produce 
different kinetics of Kss1 activation. Thus a method to predict these behaviors would 
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provide an advantage to formulating testable hypothesis. We have used applied 
mathematics and computational approaches to improve our ability to predict pathway 
behavior based on known parameters (Hao et al. 2003; Hao et al. 2007; Hao et al. 
2008a). In Chapter III we apply computational modeling approaches to predict the 
mechanisms that regulate coordinated Fus3 and Kss1 signaling in response to 
pheromone. We follow up the predictions made by modeling with experimental 
validation.  
Thesis summary 
The yeast pheromone pathway has served as an archetype for studies of 
signaling events that promote cell proliferation and differentiation. The unicellular 
eukaryote uses many of the same components as metazoan cells to drive differentiation. 
Accordingly, discoveries made in the pheromone pathway have contributed to our 
understanding of RGS proteins (Chan and Otte 1982; Dohlman et al. 1995; Siderovski et 
al. 1996), scaffolds (Choi et al. 1994) and MAPKs (Courchesne et al. 1989; Elion et al. 
1990). The work described in this thesis aims to expand on the use of this model signal 
transduction pathway to study how signals are coordinated during cell fate decisions. 
The overall goal of this thesis research is to identify mechanisms that regulate 
mating differentiation. Chapter II presents the core of the thesis research entitled 
“Checkpoints in a Yeast Differentiation Pathway Coordinate Signaling During 
Hyperosmotic Stress”.  Here we examine how a cell responds to a simultaneous 
challenge with mating pheromones and hyperosmotic stress and find that Hog1 limits the 
mating response via two independent mechanisms.  Chapter III presents a collaborative 
effort entitled “A Computational Analysis Reveals MAP Kinase-mediated Feedback 
Phosphorylation as a Mechanism for Signaling Specificity in Yeast”. We design and 
validate computational models that both attribute and eliminate mechanisms responsible 
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for signal fidelity maintenance during mating. Finally, the last chapter  “Significance and 
Perspective” discusses the broader impact of this research and comments on the long-
term goals of the field.  
  
CHAPTER II 
CHECKPOINTS IN A YEAST DIFFERENTIATION PATHWAY COORDINATE 
SIGNALING DURING HYPEROSMOTIC STRESS 
 
Authors of this work include: Michal J. Nagiec and Henrik G. Dohlman 
Summary 
All eukaryotes have the ability to detect and respond to environmental and hormonal 
signals. In many cases these signals evoke cellular changes that are incompatible and must 
therefore be orchestrated by the responding cell. In yeast Saccharomyces cerevisiae, 
hyperosmotic stress and mating pheromones initiate signaling cascades that each terminate 
with a MAPK, Hog1 and Fus3, respectively. Despite sharing components, these pathways are 
initiated by distinct inputs and produce distinct cellular behaviors. To understand how these 
responses are coordinated, we monitored the pheromone response during hyperosmotic 
conditions. We show that hyperosmotic stress limits pheromone signaling in at least three ways. 
First, stress delays the expression of pheromone-induced genes. Second, stress promotes the 
phosphorylation of a protein kinase, Rck2, and thereby inhibits pheromone-induced protein 
translation. Third, stress promotes the phosphorylation of a shared pathway component, Ste50, 
and thereby dampens pheromone-induced MAPK activation. Whereas all three mechanisms are 
dependent on an increase in osmolarity, only the phosphorylation events require Hog1. These 
findings reveal how an environmental stress signal is able to postpone responsiveness to a 
competing differentiation signal, by acting on multiple pathway components, in a coordinated 
manner. 
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Introduction 
Eukaryotic cells commonly employ mitogen activated protein kinases (MAPKs) to 
transduce extracellular signals and evoke intracellular responses (Johnson and Lapadat 
2002). MAPKs are a part of an evolutionarily-conserved three-tiered signaling cascade 
comprised of the MAPK, a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). In 
mammalian cells MAPKs respond to diverse stimuli including hormones, stresses, and 
cytokines. The regulation of MAPKs in mammalian cells is complex. Multiple inputs can 
activate an individual MAPK. Thus understanding how competing signals are integrated 
by multiple MAPKs is often obscured by pathway complexity (Qi and Elion 2005).  
MAPK pathways are also present in the unicellular eukaryote budding yeast, 
Saccharomyces cerevisiae. As in higher eukaryotes, yeast use MAPK pathways to 
respond to a variety of environmental signals (Chen and Thorner 2007). The two best-
characterized examples are the mating pathway and the high osmolarity glycerol (HOG) 
response pathway (detailed in Figure 2.1A) (Dohlman and Thorner 2001; Hohmann 
2002). The mating pathway operates through a cell-surface receptor that activates a 
canonical G protein heterotrimer. The activated G protein recruits Ste5, a scaffold protein 
that assembles and activates the three component kinases: Ste11, Ste7 and the MAPK 
Fus3 (Pryciak and Huntress 1998; Elion 2001). Active Fus3 promotes events leading to 
cell fusion including new gene transcription, cell cycle arrest and cytoskeletal 
rearrangements (Chang and Herskowitz 1990; Roberts et al. 2000; Yu et al. 2008). High 
osmotic stress activates Ste11 as well as Pbs2 and the MAPK Hog1 (Tatebayashi et al. 
2006). Active Hog1 promotes events leading to stress adaptation including increased 
glycerol production, cell cycle arrest and a pause in protein translation (Belli et al. 2001; 
Uesono and Toh-e 2002; Escote et al. 2004; Clotet et al. 2006; Muzzey et al. 2009; 
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Escote et al. 2011). Individually, the two pathways have well-defined components, 
known points of regulation, and established measures of pathway output. Together, the 
pathways form a signaling network that is a model for the study of signal integration.  
The mating and HOG pathways share several components, yet exhibit 
remarkable signal fidelity when stimulated individually (Figure 2.1, highlighted in green). 
Hyperosmotic stress does not activate Fus3 or promote mating, and mating pheromones 
do not activate Hog1 or the HOG pathway. Such pathway fidelity may be maintained by 
two mechanisms: (i) pathway insulation and (ii) cross-pathway inhibition (Schwartz and 
Madhani 2004). The pathway insulation model proposes that physical sequestration of 
components maintains specificity. For example, Ste11 exists in two scaffolded pools, 
one that selectively activates Fus3 and another that selectively activates Hog1 (Harris et 
al. 2001). The cross-pathway inhibition model proposes that one pathway inhibits 
signaling by the competing pathway. For example, Hog1 is required to prevent the 
inadvertent activation of the mating response by hyperosmotic stress. When Hog1 is 
absent, or rendered catalytically inactive, hyperosmotic stress promotes mating. Thus it 
appears that Hog1 targets a component of the mating pathway to maintain fidelity (Hall 
et al. 1996; O'Rourke and Herskowitz 1998; Westfall and Thorner 2006; Patterson et al. 
2010). However, previous studies were unsuccessful in identifying the substrate(s) of 
Hog1 in the mating pathway.  
In this study, we determine how cells prioritize responses when confronted with 
two competing stimuli. Towards this end we co-stimulated yeast cells with mating 
pheromone and hyperosmotic stress, and then measured the mating response over 
time. We observed that the mating response is delayed and dampened by hyperosmotic 
stress in a Hog1 dependent manner. We found further that Hog1 dampens mating by 
two distinct mechanisms: (i) negative feedback phosphorylation of a shared component 
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(Ste50) and (ii) feed-forward phosphorylation of a negative regulator of translation 
(Rck2). Thus, Hog1 employs cross-pathway inhibition to delay the mating differentiation 
response. Mating differentiation resumes once cellular osmotic balance is restored and 
cross-pathway inhibition is relieved. These studies provide a model of how a cell 
prioritizes competing signals to ensure proper differentiation. 
Results 
Hyperosmotic stress delays the mating response 
A hallmark of the mating response is the appearance of a mating projection 
(shmoo formation), which functions as the eventual site of cell-cell fusion (Ydenberg and 
Rose 2008). A hallmark of the osmotic stress response is a rapid but transient reduction 
in cell volume. This reduction occurs as water leaves the cell in order to equalize internal 
and external osmolarity. The cell then ramps up glycerol production to restore osmotic 
balance and cell volume (Reed et al. 1987). A shift in the osmotic equilibrium can also 
cause severe mating defects, and it was reported previously that efficient cell-cell fusion 
requires osmotic balance across the cell membrane (Philips and Herskowitz 1997).  
Here we investigated how an increase in extracellular osmolarity impinges on 
processes leading to fusion. Recent publications have examined the cell response 
following co-stimulation with pheromone and hyperosmotic stress, but these papers 
reached opposing conclusions (Johnson and Lapadat 2002; McClean et al. 2007; 
Patterson et al. 2010). Both reports relied primarily on transcription-reporter assays 
conducted at a single time point. However, as detailed herein, hyperosmotic stress 
conditions can have confounding effects on transcription-reporter activity, particularly at 
early time points. As an alternative we determined the effect of co-stimulation on multiple 
events leading up to, and including, transcription induction. Specifically, we monitored 
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cell differentiation, mating MAPK production, and MAPK activation over a period of 
several hours. 
We first investigated how hyperosmotic stress affects pheromone-induced shmoo 
formation. To determine whether these responses are mutually exclusive, or are 
compatible but occur sequentially. We stimulated cells with a saturating concentration of 
mating pheromone (α factor), or co-stimulated cells with pheromone and an osmolyte 
(KCl) to invoke hyperosmotic stress. We then visualized and quantified shmoo formation 
over time by microscopy. As shown in Figure 2.1B, the addition of mating pheromone 
resulted in detectable shmoo formation by 60 minutes, with 60% of cells forming shmoos 
by 180 minutes. The simultaneous addition of osmolyte resulted in detectable shmoo 
formation only after 120 minutes, with just 20% of cells forming shmoos by 180 minutes. 
Addition of higher concentrations of osmolyte, 0.75 M (Figure 2.1B) or 1 M KCl (data not 
shown), further delayed shmoo formation. These results demonstrate that hyperosmotic 
stress delays the mating response and that the duration of delay is dependent on the 
severity of stress.  
The data presented above reveal that salt stress delays shmoo formation. We 
then considered whether there was a delay in other aspects of the pheromone response. 
To this end we monitored Far1. Far1 is induced by pheromone only during the G1 phase 
of the cell cycle, is required for cell polarization during mating, and is quickly degraded 
as cells exit G1 (McKinney et al. 1993; Valtz et al. 1995; Oehlen et al. 1996; Henchoz et 
al. 1997). Thus, Far1 is a broad indicator of cellular events leading up to mating. Addition 
of mating pheromone alone resulted in detectable Far1 by 60 minutes, while co-
stimulation with 0.75 M KCl delayed Far1 induction to 120 minutes (Figure 2.1C). These 
findings indicate that the delay in shmoo formation corresponds with a delay in Far1 
induction. Thus osmotic stress triggers a delay in the mating response, and this delay is 
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Figure 2.1  
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Figure 2.1. Hyperosmotic stress delays mating differentiation.  
(A) The mating pathway (blue) and the HOG pathway (yellow) share components 
(green). Overlapping lines indicate an interaction and activation of the downstream 
component, otherwise indicated by an arrow. (B) Shmoo formation was visualized by 
microscopy after incubation of cells on glass slides with SCD containing 2% agar and 
100 mM a factor, 100 mM α factor + 0.5 M KCl, and 100 mM α factor + 0.75 M KCl. The 
percentage of cells with shmoos (G1) and buds (G2) are shown. (C) Induction kinetics of 
Far1; wildtype cells were stimulated with 10 mM α factor and co-stimulated with 10 mM 
α factor + 0.75 M KCl. Cell lysates were resolved by 7.5% SDS-PAGE and Far1-HA 
detected by immunoblotting with anti-HA antibodies.  
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evident at the molecular level as well as at the level of cellular morphogenesis. 
Hyperosmotic stress dampens and delays transcriptional reporter activity  
Hyperosmotic stress activates Hog1 and induces genes required for adaptation 
(Rep et al. 2000). During the immediate response to stress however, there is transient 
repression (< 5 min) of overall gene transcription (Proft and Struhl 2004). Moreover the 
duration of the delay correlates with the concentration of osmolyte and is prolonged in 
cells that lack Hog1 (Rep et al. 1999; Proft and Struhl 2004). Thus, transcription is 
regulated by Hog1-dependent and Hog1-independent mechanisms. We postulated that 
hyperosmotic stress might delay mating in part through a transient repression of 
transcription. Indeed, we have already shown that Far1 expression is delayed by salt 
stress; however Far1 abundance is also subject to stimulus-dependent ubiquitination 
and degradation (Henchoz et al. 1997). To focus specifically on mating gene induction 
we used a reporter comprised of the β-galactosidase gene fused to the FUS1 promoter 
(FUS1-lacZ). The FUS1 gene is among the most strongly induced genes during the 
mating response (Roberts et al. 2000). As shown in Figure 2.2, cells stimulated with 
mating pheromone reached half maximum (t½ max) β-galactosidase activity at roughly 50 
minutes (Figure 2.2A and Table 2.1). The addition of 0.75 M KCl increased the t½ max by 
~ 67% and dampened the maximum response by ~ 17%. The effects of salt were dose-
dependent; with increasing concentrations the delay and dampening became 
progressively more pronounced.  
To distinguish Hog1-dependent and Hog1-independent effects on the 
transcription response, we measured FUS1 induction in cells lacking HOG1 (hog1Δ) as 
well as in cells expressing a catalytically inactive mutant, Hog1K52R. These cells were 
then stimulated with pheromone, or co-stimulated with pheromone and KCl. Similar to  
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Figure 2.2 
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Figure 2.2  Hyperosmotic stress delays and dampens mating transcription.  
Transcriptional activation (β-galactosidase activity) was measured 
spectrofluorometrically every 30 minutes in (A, D) wildtype, (B) hog1D, and (C) hog1K52R 
cells transformed with a plasmid containing a pheromone-inducible reporter (FUS1-
lacZ). Transcription was induced by the addition of 10 mM α factor, 10 mM α factor + 0.5 
M KCl, 10 mM α factor + 0.75 M KCl, or 10 mM α factor + 1 M KCl. (D) Transcription 
was induced by the addition of 10 mM α factor, 10 mM α factor + 0.75 M sorbitol, and 10 
mM α factor + 1.5 M sorbitol. Data are the mean ± SE of four individual colonies 
measured in quadruplicate and presented as percentage of wildtype maximum. 
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Table 2.1. Wildtype α  factor response time course; see Figure 2.2 
stimulus t ½ max (min) basal response* maximum response* 
10 µM α factor 49.3 ± 3.3 1.3% ± 0% 100.3% ± 5.4% 
10 µM α factor + 
0.5 M KCl 61.7 ± 2.2 1.3% ± 0% 88.9% ± 3.7% 
10 µM α factor + 
0.75 M KCl 82.5 ± 0.8 1.3% ± 0.1% 82.9% ± 6.7% 
10 µM α factor + 
1 M KCl 100.7 ± 0.8 1.3% ± 0% 67.8% ±5.6% 
10 µM α factor + 
0.75 M sorbitol 67.0 ± 6.6 1.3% ± 0.1% 94% ± 7.3% 
10 µM α factor + 
1.5 M sorbitol 156.7 ± 11.1 1.4% ± 0.1% 68.6% ± 0.3% 
* percent of maximum response 
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wildtype cells, co-stimulation of hog1Δ cells increased the t½ max for FUS1 induction 
(Figure 2.2B and Table 2.2). However, unlike wildtype cells, co-stimulation of hog1Δ cells 
did not dampen the maximum response. Thus Hog1 contributes to the reduction in 
transcription response. Also, the change in t½ max was less pronounced in hog1Δ cells 
compared to wildtype cells, suggesting that Hog1 is at least partly responsible for the 
delay in mating transcription (Table 2.2). Similar results were seen in Hog1K52R cells 
(Figure 2.2C and Table 2.3). The non-ionic osmolyte sorbitol acted much like KCl (Figure 
2.2D and Table 2.1). Taken together these results support the view that osmotic stress 
attenuates mating transcription, and does so by Hog1-dependent and Hog1-independent 
mechanisms.  
Hyperosmotic conditions do not disrupt pheromone-receptor interactions 
High concentrations of any osmolyte could disrupt protein-protein interactions 
raising the concern that salt conditions might disrupt binding of a peptide pheromone to 
its receptor. Binding can be assessed by determining the effective pheromone 
concentrations that give half-maximum response (EC50). We determined the EC50 of 
pheromone with the addition of KCl or sorbitol by measuring FUS1-lacZ activity (Figure 
2.3 and Table 2.4). To distinguish between cells undergoing stress-adaptation from 
those that are fully adapted, we determined the EC50 near the t½ max (90 min) and also 
after 180 minutes (Figure 2.2A). In this comparison we found no significant differences in 
EC50. Thus hyperosmotic stress does not diminish sensitivity to pheromone.  
Hyperosmotic stress dampens mating MAPK activation  
Mating pheromones activate Fus3 and induce the transcription of genes required 
for haploid cell fusion. We have observed that Hog1 dampens mating transcriptional 
output. To determine how Hog1 limits the activation of Fus3 we monitored its activity  
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Table 2.2. hog1Δ  α  factor response time course; see Figure 2.2  
stimulus t ½ max (min) basal response* maximum response* 
10 µM α factor 42.4 ± 1.6 1.3% ± 0.1% 92.3% ± 3.4% 
10 µM α factor + 
0.5 M KCl 34.0 ± 2.8 1.3% ± 0.1% 100.9% ± 2.6% 
10 µM α factor + 
0.75 M KCl 54.0 ± 2.0 1.3% ± 0.1% 101.2% ± 1.8% 
10 µM α factor + 
1 M KCl 89.7 ± 1.3 1.3% ± 0.1% 97.6% ± 3.4% 
* percent of wildtype maximum response from Table 2.1 
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Table 2.3. Hog1K52R α  factor response time course; see Figure 2.2 
stimulus t ½ max (min) basal response* maximum response* 
10 µM α factor 48.9 ± 2.5 4.1% ± 0.9% 113.6% ± 2.9% 
10 µM α factor + 
0.5 M KCl 41.6 ± 2.9 4.1% ± 0.9% 118.5% ± 3.8% 
10 µM α factor + 
0.75 M KCl 71.7 ± 1.1 4.1% ± 0.9% 119.7% ± 3.7% 
10 µM α factor + 
1 M KCl 104.8 ± 1.0 4.1% ± 0.9% 114.2% ± 5.4% 
* percent of wildtype maximum response from Table 2.1 
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Figure 2.3. High osmolarity has minor effects on pheromone sensitivity. 
 Transcriptional activation (β-galactosidase activity) was measured 
spectrofluorometrically at (A) 90 and (B) 180 minutes in cells transformed with plasmid 
containing a pheromone-inducible reporter (FUS1-lacZ). Transcription was induced by 
the addition of α factor with 0.75 M KCl or 0.75 M sorbitol. Data are the mean ± SE of 
four individual colonies measured in quadruplicate and presented as percentage of 
wildtype maximum. 
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Table 2.4. Wildtype α  factor dose response log EC50, M; see Figure 2.3 
  0 M KCl 0.75 M KCl 0.75 M sorbitol 
90 minutes -5.74 ± 0.08 -5.92 ± 0.11 -6.25 ± 0.15 
180 minutes -5.62 ± 0.07 -5.30 ± 0.06 -5.68 ± 0.12 
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directly, by immunoblotting with an antibody that recognizes the dually-phosphorylated, 
fully-active form of the kinase (phospho-Fus3) (Sabbagh et al. 2001). As shown in Figure 
2.4, co-stimulation with KCl reduced phospho-Fus3 by one-third compared to cells 
treated with pheromone alone. Pheromone also induces the expression of the FUS3 
gene (Roberts et al. 2000; Hilioti et al. 2008). To determine the effect of KCl on Fus3 
production we quantified Fus3 protein levels with a Fus3-specific antibody. As with 
phospho-Fus3, total Fus3 was reduced by one third in co-stimulated cells. Thus 
hyperosmotic stress leads to dampened induction of Fus3 and a concomitant reduction 
in phospho-Fus3. We then conducted the same experiment in cells lacking Hog1 (Figure 
2.4B). In this case, we found no effect of salt co-stimulation on phospho-Fus3 or Fus3. 
These data indicate that Hog1 regulates mating by dampening Fus3 production and, 
consequently, Fus3 activity. Thus Hog1 has a role in limiting gene induction and mating, 
and may do so by targeting a component downstream of Fus3. 
Fus3 is part of a positive feedback loop: the activation of Fus3 by mating 
pheromone leads to induction of more Fus3, which is subsequently activated by 
pheromone. Hog1 may regulate mating at two points in the pathway; downstream of the 
MAPK by limiting Fus3 induction or upstream by limiting Fus3 activation. To exclude any 
effect of hyperosmotic stress on Fus3 induction we replaced the native (pheromone-
inducible) promoter with the galactose-regulated GAL1 promoter. As expected, we found 
that cells grown in galactose stably express Fus3, with no induction in the presence of 
pheromone. Unexpectedly however, co-stimulation with salt reduced phospho-Fus3 to 
nearly one-half of that in cells treated with pheromone alone, even as Fus3 abundance 
remained unchanged (Figure 2.5A). In contrast, co-stimulation did not alter phospho-
Fus3 in the absence of Hog1 (Figure 2.5B), except for a reduction at the earliest (5 min) 
time point. Thus hyperosmotic stress dampens Fus3 activation for at least 60 minutes. 
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Figure 2.4. Hyperosmotic stress dampens mating MAPK activation and induction.  
(A) Activation and induction kinetics of Fus3; wildtype cells were stimulated with 
10 mM a factor or co-stimulated with 10 mM a factor + 0.75 M KCl. Cell lysates were 
resolved by 12.5% SDS-PAGE. Phospho-Fus3 (P-Fus3) and phospho-Kss1 (P-Kss1) 
were detected by immunoblotting with phospho-p44/p42 antibodies, which recognize the 
dually phosphorylated and activated form of Fus3 (P-Fus3) and Kss1 (P-Kss1). Total 
Fus3 abundance was determined with Fus3 antibodies. G6PDH served as a loading 
control. All primary antibodies were recognized by chemiluminescent detection and 
quantified by scanning densitometry (ImageJ). The panels to the right show averaged 
scanning densitometry of three individual experiments. Error bars represent ± SEM. Co-
stimulation dampened P-Fus3 by 29.9% ± 6.6% and total Fus3 by 26.2% ± 4.7% at 180 
minutes. (B) hog1D  cells treated as in A.  
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Figure 2.5. Hyperosmotic stress dampens Fus3 activation in a Hog1 dependent 
manner.  
(A) Activation kinetics of Fus3 and Hog1; wildtype cells transformed with plasmid-
borne GAL1-FUS3 were grown in SC and 2% galactose followed by stimulation with 10 
mM α factor, 0.75 M KCl, or co-stimulation with 10 mM α factor + 0.75 M KCl. Cell 
lysates were resolved by 12.5% SDS-PAGE. P-Fus3 and P-Kss1 were detected with 
phospho-p44/p42 antibodies. P-Hog1 was detected with phospho-p38 antibodies. Total 
Fus3 and Hog1 were detected with Fus3 and Hog1 antibodies. G6PDH served as a 
loading control. All primary antibodies were recognized by fluorescently labeled 
secondary antibody, detected by fluorescence scanner (Typhoon Trio) and quantified by 
scanning densitometry (ImageJ). The panel to the right shows averaged scanning 
densitometry of four individual experiments. Error bars represent ± SEM. Co-stimulation 
dampened P-Fus3 by 47.6% ± 2.2% at 5 minutes and 47.5% ± 6.6% at 30 minutes. (B) 
hog1D  cells transformed with GAL1-FUS3 treated as in A. Co-stimulation dampened P-
Fus3 by 44.3% ± 7.4% at 5 minutes and 7.4% ± 10.9% at 30 minutes. 
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The reduction at early time points is evident with or without Hog1, while the reduction at 
later time points (30 and 60 minutes) is Hog1-dependent (Figures 2.2 and 2.5). These 
results establish that active Hog1 is responsible for disrupting the activation of Fus3, that 
the disruption is transient, and that full Fus3 activation resumes once cells have adapted 
to hyperosmotic conditions. Moreover, these data indicate a role for Hog1 in limiting 
events leading to mating, and may do so by targeting a component upstream of Fus3. 
Constitutively active Hog1 dampens mating MAPK activation  
Together our results show that cells utilize Hog1-dependent and Hog1-
independent mechanisms to adapt to hyperosmotic stress. To focus exclusively on 
Hog1-dependent mechanisms we activated the kinase directly, without an osmolyte. To 
this end we introduced a constitutively active MAPKKK, Ssk2ΔN (Maeda et al. 1995; 
Wurgler-Murphy et al. 1997). Ssk2 is a component of the SLN1-branch of the HOG 
pathway and is not shared with the mating pathway. Thus expression of Ssk2ΔN 
activates Hog1 but does not affect Fus3 directly. First, we measured the effect of 
constitutively-activated Hog1 on pheromone-activated Fus3 over time (Figure 2.6A). 
Under these conditions Fus3 activation was reduced by up to 50%, comparable to the 
reduction observed with KCl (Figure 2.4A). Hog1 also limited expression of total Fus3 
protein. As an additional control we tested mutants lacking Hog1 expression or Hog1 
catalytic activity. In this case we observed no change in phospho-Fus3 or Fus3 
abundance (Figure 2.6B). Thus Fus3 can be regulated by Hog1 even in the absence of 
hyperosmotic stress. Together these results reveal that Hog1 activation is necessary 
and sufficient to dampen Fus3 activation.  
As noted above, induction of Fus3 can confound any analysis of Fus3 activation. 
To distinguish the effects of Hog1 on Fus3 induction and Fus3 phosphorylation, again  
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Figure 2.6 
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Figure 2.6. Constitutively active Hog1 dampens Fus3 activation and induction.  
(A) Activation kinetics of Fus3 with constitutively active Hog1; wildtype cells 
transformed with vector control or plasmid-borne GAL1-SSK2ΔN were grown in SC media 
with 2% raffinose (Raf). Ssk2ΔN expression was induced by addition of 2% galactose for 
60 min followed by addition of 3 mM α factor for 30 minutes. Cell lysates were resolved 
by 12.5% SDS-PAGE. P-Fus3 and P-Kss1 were detected with phospho-p44/p42 
antibodies. P-Hog1 was detected with phospho-p38 antibodies. Total Fus3 and Hog1 
were detected with Fus3 and Hog1 antibodies. G6PDH served as a loading control. All 
primary antibodies were recognized by fluorescently labeled secondary antibody and 
quantified, detected by fluorescence scanner (Typhoon Trio) and quantified by scanning 
densitometry (ImageJ). The panels to the right show averaged scanning densitometry of 
four individual experiments. Error bars represent ± SEM. P-Hog1 reduced P-Fus3 by 
49.4% ± 6.7% at 120 minutes. (B) Wildtype, hog1D, and, hog1K52R cells transformed with 
GAL1-SSK2ΔN or parent vector control were grown in SC and 2% galactose for 60 min 
followed by addition of 3 mM α factor or left untreated for 30 min. (C) fus3D cells 
transformed with ADH1-FUS3 and GAL1-SSK2ΔN or vector were grown and stimulated 
as in B. P-Hog1 reduced P-Fus3 by 30.7% ± 3.2%. (D) rck2D cells transformed with 
GAL1-SSK2ΔN or vector were grown and stimulated as in B. P-Hog1 reduced total Fus3 
by 31% ± 3.6%. 
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we replaced the native promoter with the strong constitutive promoter from ADH1 
(ADH1-Fus3). Under these conditions, constitutively active Hog1 reduced phospho-Fus3 
by about one-third, somewhat less than the one-half reduction obtained in cells with the 
native FUS3 promoter (Figure 2.6C). Thus Hog1 dampens Fus3 activation, even when 
expression is permanently elevated. When Fus3 is expressed from the native promoter, 
activation is dampened even further. These findings confirm that Fus3 induction and 
Fus3 phosphorylation are diminished by at least two distinct mechanisms that require 
Hog1. One mechanism acts upstream and modulates Fus3 activation, while another 
mechanism acts downstream and dictates Fus3 induction. Together these processes 
lead to cross-inhibition of mating upon an increase in osmolarity. 
Rck2 is phosphorylated by Hog1 to limit mating signal during co-stimulation 
 We then sought to establish the mechanisms of cross-pathway inhibition, and 
began with the target of Hog1 that limits Fus3 production. The induction of Fus3 requires 
transcription of the FUS3 gene and translation of the corresponding mRNA. Hog1 
phosphorylates and activates the protein kinase, Rck2 (Bilsland-Marchesan et al. 2000). 
Activated Rck2 phosphorylates the yeast elongation factor, EF2, and thereby transiently 
represses translation (Teige et al. 2001). Thus we considered whether Rck2 regulates 
the production of Fus3 under osmotic stress conditions. To test the hypothesis, we 
constitutively activated Hog1 in the absence of RCK2, and in the presence or absence of 
pheromone (Figure 2.6D). Under these conditions, constitutively active Hog1 reduced 
phospho-Fus3 by about one-third, somewhat less than the one-half reduction obtained in 
cells that express Rck2 (compare Figures 2.6B and 2.6D). Thus Rck2 is partially 
responsible for the diminished Fus3 response. Taken together these results suggest that 
Rck2 diminishes production of Fus3 and does so in a Hog1-regulated manner. More 
 46 
Figure 2.7 
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Figure 2.7. Hog1 dampens Fus3 activation by targeting Ste50.  
Constitutive activators of mating pathway highlighted in black: (A) Ste5CTM, a C-
terminal transmembrane domain (CTM) tethers Ste5 to the plasma membrane allowing 
MAPK activation without receptor or G-protein. (B) Wildtype cells transformed with 
GAL1-STE5CTM, GAL1-SSK2ΔN or parent vector controls were grown in 2% galactose for 
60 min followed by addition of 3 mM α factor or left untreated for 30 min. Cell lysates 
were resolved by 12.5% SDS-PAGE. Statistical significance was calculated using two-
way ANOVA. ***, p < 0.001. (C) Ste11ΔN, constitutively active amino-terminus truncation 
mutant of Ste11, allowing activation without binding the upstream activator Ste20 or 
adaptor Ste50. (D) Wildtype cells transformed with GAL1-STE11ΔN, GAL1-SSK2ΔN or 
vector were grown in 2% galactose for 2.5 hrs followed by addition of 3 mM α factor or 
left untreated for 30 min. Statistical significance was calculated using two-way ANOVA, 
ns – not significant, p > 0.05. (E) Wildtype and ste505A cells grown and treated as in B. 
(F) ste505A rck2D cells grown and treated as in B. 
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broadly these results provide evidence that translational repression of Fus3 contributes 
to decreased pheromone responsiveness following hyperosmotic stress.  
Ste50 is phosphorylated by Hog1 to limit mating signal during co-stimulation 
The data presented above indicate that Hog1 limits Fus3 activity in two ways. 
First, Hog1 phosphorylates Rck2 and suspends translation of one or more mating 
pathway components. We have also presented evidence that Hog1 inhibits an upstream 
activator of the mating MAPK. To identify the second target of Hog1 we employed a 
genetic epistasis approach. First we determined if constitutively active Hog1 dampens 
the mating pathway at the level of the three-tiered MAPK cascade. The mating signal is 
typically initiated by the recruitment of the MAPK scaffold Ste5 to the plasma membrane. 
Ste5 can be tethered permanently to the plasma membrane via fusion to a carboxy-
terminal transmembrane domain (CTM), thus bypassing the need for pheromone, 
receptor, and G protein in pathway activation (Figure 2.7A) (Pryciak and Huntress 1998). 
In cells that co-express GAL1-STE5CTM and GAL1-SSK2ΔN, phospho-Fus3 was 
dampened, similar to that seen with pheromone and GAL1-SSK2ΔN (Figure 2.7B). These 
data indicate that Hog1 acts on a component downstream of the G protein. We likewise 
observed dampening of phospho-Kss1, which is also activated by pheromone. These 
data suggest that the putative Hog1 target is upstream of both Fus3 and Kss1. Taken 
together these results narrowed the likely target to a handful of components associated 
with Ste5: the MAPKKK Ste11, its adaptor protein Ste50, its activators Cdc42 and Ste20, 
and its substrate Ste7 (Figure 2.1A).  
Ste50 is required for full activation of Hog1, Fus3, and Kss1. We and others have 
demonstrated that Hog1 phosphorylates Ste50 during hyperosmotic conditions. 
Moreover, the phosphorylation of Ste50 leads to functional downregulation of Hog1 (Hao 
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et al. 2008b; Yamamoto et al. 2010). Given this precedent, we hypothesized that 
phosphorylation of Ste50 leads to the downregulation of Fus3 and Kss1. To test the role 
of Ste50, we activated the mating pathway using a truncated form of Ste11; Ste11ΔN 
lacks the kinase auto-inhibitory domain (Cairns et al. 1992), and also lacks the Ste50 
binding domain (Figure 2.7C) (Xu et al. 1996). Thus Ste11ΔN is both constitutively active 
and refractory to Ste50. As shown in Figure 2.8, Ste50 is not required for pathway 
activation by Ste11ΔN even while it is required for full activation by Ste5CTM. We had 
postulated that Fus3 activity is dampened when Ste50 is phosphorylated. Accordingly, 
Fus3 should not be affected by Hog1 or Ste50 when the pathway is activated through 
Ste11ΔN (Figure 2.7D). Under these conditions, Fus3 is fully activated, consistent with 
our prediction. Taken together these data suggest that Hog1 limits the mating signal at 
the level of Ste50. The mating and hyperosmotic stress signals are integrated by Ste50, 
which in turn regulates the shared MAPKKK, Ste11. 
Finally we sought to establish whether phosphorylation of Ste50 by Hog1 was 
responsible for cross-pathway inhibition. To this end we used a mutant of Ste50 
(Ste505A) where five MAPK sites have been changed to alanine, thereby abrogating 
phosphorylation by Hog1 (Hao et al. 2008b; Yamamoto et al. 2010). Consistent with our 
prediction Ste505A restored the ability of pheromone to activate Fus3, even under 
conditions of constitutive Hog1 activation (Figure 2.7E). Fus3 was not fully activated 
however, presumably because Hog1 could still target Rck2. When we deleted RCK2 
from the Ste505A strain we were able to attain full activation of Fus3 (Figure 2.7F and 
Figure 2.9). Thus Hog1 limits mating through the phosphorylation of at least two 
proteins. We have identified these targets as Ste50 and Rck2. More generally, these 
results reveal that cross-inhibition occurs through a combination of feedback and 
feedforward phosphorylation events. 
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Figure 2.8. Ste50 is required for full activation of the pheromone pathway. 
 Wildtype or ste50Δ cells transformed with either GAL1-STE5CTM or GAL1-
STE11ΔN were grown in 2% raffinose for 90 min. Cell lysates were resolved by 12.5% 
SDS-PAGE. P-Fus3 and P-Kss1 were detected by with phospho-p44/p42 antibodies. 
Fus3 was detected with Fus3 antibodies. G6PDH served as a loading control. All 
primary antibodies were recognized by fluorescently labeled secondary antibody and 
quantified. The panels to the right show averaged scanning densitometry of three 
individual experiments. Error bars represent ± SEM. 
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Figure 2.9. Rck2 and Ste50 limit mating MAPK activation and induction. 
 Graphical representation of western blot quantification from Figures 5B, 5C, 6E, 
and 6F. Data are plotted relative to maximum activation of pheromone treated cells.
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Discussion  
All cells have the ability to detect changes in their environment and to produce 
responses appropriate to that stimulus. Our focus here was on two signals that may 
produce incompatible responses; one that triggers mating differentiation and a second 
that promotes adaptation to hyperosmotic stress. More specifically, we investigated the 
ability of yeast cells to coordinate responses to mating pheromones and high salt. We 
found that in co-stimulated cells, adaptation to hyperosmotic stress takes precedence. 
Stress adaptation suspends mating.  
Prior to our investigations, it was established that Hog1 activation is proportional 
to the severity of the hyperosmotic stress (Macia et al. 2009). Furthermore, the duration 
of Hog1 activation is tightly correlated with glycerol production and a return to osmotic 
equilibrium (Muzzey et al. 2009). Thus, adaptation to hyperosmotic stress dictates the 
duration and level of Hog1 activity. Our results support a model where Hog1 suspends 
the mating response until cells are fully adapted. Consistent with this model we found 
that Hog1 dampens and delays Fus3 activation, and that the duration of delay is 
proportional to the severity of the hyperosmotic stress. Just as transient activation of 
Hog1 leads to transient inhibition of Fus3, persistent activation of Hog1 leads to 
persistent inhibition of Fus3 (Figure 2.6A). 
Hog1 regulates Fus3 activation and induction.  
It was established previously that osmotic stress results in global inhibition of 
transcription. In cells that lack Hog1, transcription initiation is delayed further (Proft and 
Struhl 2004). These results point to a Hog1-independent mechanism of transcription 
regulation. Paradoxically, cells that lack Hog1 exhibit a stress-mediated increase in the 
transcription of mating genes. These findings point to a special function for Hog1 in 
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limiting the mating pathway. However the Hog1-independent effects of hyperosmotic 
stress confounded the interpretation of data. Thus we sought to understand how Hog1 
regulates Fus3, apart from any processes that might affect Fus3 induction. This was 
achieved by (i) constitutive expression of Fus3 (via promoter replacement) and (ii) direct 
activation of Hog1 (via Ssk2ΔN). Ultimately these approaches led us to identify Ste50 and 
Rck2 as principal targets of Hog1. 
Hog1 phosphorylates Ste50 to limit Fus3 activation.  
Ste50 is a shared component, required for activation of Ste11, that acts early in 
the mating and osmotic stress pathways. Thus Ste50 is well positioned to coordinate the 
activity of both Fus3 and Hog1. Moreover, Ste50 is phosphorylated by Hog1 and as a 
consequence of this phosphorylation there is an attenuated response to hyperosmotic 
stress (Hao et al. 2008b; Yamamoto et al. 2010). Here we show that as an additional 
consequence of Ste50 phosphorylation there is an attenuated response to pheromone. 
These effects are most evident at the level of the mating MAPKs, Fus3 and Kss1. In 
cells co-stimulated with salt, Ste50 phosphorylation dampens pheromone-dependent 
activation of both Fus3 and Kss1. Whereas the phosphorylation of Ste50 fully accounts 
for cross-inhibition of Kss1, it is only partially responsible for cross-inhibition of Fus3. 
Consequently we searched for additional mechanisms of signal integration that act on 
Fus3 but not Kss1. Given that Fus3 is induced by pheromone - whereas Kss1 is not - we 
considered whether salt stress inhibits Fus3 at the level of its transcription or translation.  
Hog1 phosphorylates Rck2 to limit Fus3 production.  
It was established previously that Hog1 directly phosphorylates and activates a 
repressor of translation elongation, Rck2 (Bilsland-Marchesan et al. 2000). When Rck2 
is absent, translation repression is abrogated (Teige et al. 2001). Accordingly, we found 
that deletion of Rck2 reduced the ability of Hog1 to inhibit Fus3 accumulation. As with 
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Ste505A, the effect of the rck2Δ mutation was incomplete. However combining both 
mutations (rck2Δ ste505A) eliminated the ability of Hog1 to inhibit Fus3 (Figure 2.9). Thus 
Hog1 phosphorylates components necessary for the activation and induction of Fus3. 
Together these phosphorylation events act to limit mating responses as long as Hog1 is 
active. 
It is important to note that Rck2 confers a global inhibition of protein translation. 
Thus any mating pathway component that is induced by pheromone is likely affected by 
this mechanism. However, many of the core components that make up the MAPK 
cascade are stably expressed, including the scaffold (Ste5), the MAPKK (Ste7), the 
MAPKKK (Ste11) and its adaptor (Ste50) (Roberts et al. 2000). Therefore Hog1 and 
Rck2 are not expected to interfere with the ability to sense pheromone; rather Hog1 is 
likely to arrest signal transduction by those proteins that are induced by pheromone, 
most of which function downstream in the pathway (including Fus3). Thus we postulate 
that early components of the pheromone pathway are unaffected by hyperosmotic stress 
conditions 
Rck2 may also play a more specific role in mating through selective dampening 
of Fus3 but not Kss1. Fus3 and Kss1 are both activated in response to pheromone, but 
activation occurs with distinct time scales. Following pheromone treatment phospho-
Kss1 peaks within 5 minutes while phospho-Fus3 rises more slowly (Hao et al. 2008a). 
The slow activation of Fus3 can be attributed in part to the time needed to induce Fus3. 
Only when Fus3 is fully induced is the protein fully activated. In support of this 
hypothesis, if Fus3 is expressed from a constitutive promoter, peak activation occurs 
much earlier (Figure 2.5A). If slow activation of Fus3 is needed for specific aspects of 
the mating response, Rck2 could contribute to the mating program in ways that are not 
yet fully appreciated.  
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Ste5 sustains the mating response during stress adaptation.  
Adaptation to hyperosmotic conditions protects cells from damage. When cells 
are faced with both hyperosmotic stress and pheromone, both signaling pathways are 
initiated. However, the pheromone pathway is prevented from propagating the signal. 
Once cells adapt to stress, Hog1 is deactivated, and mating can proceed. This behavior 
suggests that the mating pathway remains quiescent only as long as conditions are 
unfavorable to launch a full mating response. Furthermore, we propose that the earliest 
events in pheromone signaling, those not subject to pheromone mediated transcriptional 
induction, are unaffected by hyperosmotic stress conditions. These early events include 
G protein activation and recruitment of Ste5 (Winters et al. 2005). Consistent with this 
view, our epistasis studies indicate that Hog1 acts downstream of the G protein. 
Moreover recruitment of Ste5 to the plasma membrane occurs even in the face of 
hyperosmotic stress (Patterson et al. 2010).  
Taken together, available data support a model where mating and HOG 
pathways are both initiated in response to pheromones and hyperosmotic stress. 
However, the activation of Hog1 imparts a “checkpoint” midway in the pheromone 
signaling pathway, and does so to ensure quiescence of the mating response while cells 
adapt to stress (Figure 2.10). This design ensures the mating pathway is primed to 
resume full signaling once Hog1 is no longer activated. Accordingly, Ste50 and Rck2 are 
both rapidly dephosphorylated upon adaptation (Teige et al. 2001; Hao et al. 2008b). 
From these behaviors we can infer that scaffold proteins and shared adaptor proteins 
have distinct but complementary roles in signaling; scaffold proteins, epitomized by Ste5, 
behave as static insulators, while shared components, such as Ste50, behave as 
dynamic integrators of multiple signals.  
 Conclusions. As genomics and proteomics have defined signal pathway 
components, attention will turn increasingly to understanding how cells coordinate  
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Figure 2.10. Model of Hog1 cross-pathway inhibition.  
Cells co-stimulated with mating pheromone and hyperosmotic stress adapt to 
stress before committing to mating differentiation. Hog1 coordinates mating and stress 
signals by limiting Fus3 activation through two mechanisms, (1) feedback 
phosphorylation of Ste50 and (2) feedforward phosphorylation of Rck2. Red lines 
indicate Hog1 mediated inhibition. Green line indicates the Fus3 positive feedback loop, 
which is disrupted by Rck2. 
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competing signals. In this regard, our findings reveal that cross-pathway inhibition is not 
a single process, but rather a network of events that work together to postpone cell 
differentiation until the cell adapts to stress conditions. More broadly, it is increasingly 
evident that a complete analysis of signal transduction networks will need to consider 
multiple inputs, multiple regulatory targets, and multiple mechanisms of action. 
Materials and Methods 
Strains, Plasmids, and Growth Conditions  
Standard procedures for growth, maintenance, and transformation of yeast and 
bacteria and for the manipulation of DNA were used throughout. Plasmid and strain 
construction is described in supplemental methods. All mutations were constructed with 
the QuikChange site-directed mutagenesis kit (Stratagene) according to the 
manufacturerʼs directions. Cells were grown in synthetic complete medium containing 
2% (w/v) dextrose (SCD) or raffinose followed by the addition of 2% galactose to induce 
gene expression. Plasmid-transformed cells were grown in synthetic complete medium 
lacking the appropriate nutrient. Yeast strains and plasmids used are listed in 
supplemental Table 2.5 and supplemental Table 2.6, respectively.  
Microscopy 
Cells were grown to A600nm ~ 0.8, dispersed by sonication with 10 pulses (1 sec, 
50% output), and collected by centrifugation at 14,000 x g for 15 seconds. 3 µl of cells 
were placed on glass slides coated with SCD medium  2% agar (w/v) and either α factor 
pheromone, or α factor and KCl. Cells were visualized every 15 minutes by differential 
interference contrast (DIC) using an Olympus Fluoview 1000 confocal microscope with a 
60 × objective. Movies were constructed using ImageJ (National Institutes of Health).  
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Table 2.5. Strains used in this study 
Strain Name Genotype Source 
BY4741* MATa leu2Δ met15Δ his3-1 ura3Δ (Brachmann et al. 1998) 
hog1Δ MATa hog1::kanMX Invitrogen 
fus3Δ MATa fus3::kanMX Invitrogen 
rck2Δ MATa rck2::kanMX Invitrogen 
hog1K52R MATa hog1K52R (Hao et al. 2007) 
ste505A MATa ste505A This study 
ste505A rck2Δ MATa ste505A rck2::kanMX This study 
* All strains derived from BY474
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Table 2.6. Plasmids used in this study 
Figure Plasmid Name Description Source 
2.7 pRS413 PGAL1/10 CEN HIS3 PGAL1/10 vector Henrik Dohlman 
2.6, 2.7 pYES2.1 2µ URA3 vector Invitrogen 
2.1 pRS316 Far1-HA CEN URA3 FAR1-HA Jenna Slessareva 
2.2, 2.3 pRS423 FUS1-lacZ 2µ HIS3 PFUS1-lacZ (Hoffman et al. 2002) 
2.5 pYES2.1 GAL1-FUS3 2µ URA3 PGAL1-FUS3 This study 
2.6 pRS315 ADH1-FUS3 2µ LEU2 PADH1-FUS3 This study 
2.6 pYES2.1 GAL1-SSK2-ΔN 2µ URA3 PGAL1-SSK2ΔN This study 
2.7 pRS413 GAL1-SSK2-ΔN CEN HIS3 PGAL1/10-SSK2ΔN This study 
2.7 pRS313 GAL1-STE5CTM CEN HIS3 PGAL1-STE5CTM (Cappell and Dohlman 2011) 
2.7 pYES2.1 GAL1-STE11-ΔN 2µ URA3 PGAL1-STE11-ΔN Beverly Errede  
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Cell Extracts and Immunoblotting 
Protein extracts were produced by glass bead lysis in TCA as previously 
described (Hao et al. 2007). Protein concentration was determined by Dc protein assay 
(Bio-Rad Laboratories). Protein extracts were resolved by 7.5% or 12.5% SDS-PAGE 
and immunoblotting with HA antibodies (clone 3F10, Roche Applied Science) at 1:2000, 
Phospho-p44/42 MAPK antibodies (9101, Cell Signaling Technology) at 1:500, Fus3 
antibodies (sc-6773, Santa Cruz Biotechnology, Inc.) at 1:500, phospho-p38 MAPK 
antibodies (9216, Cell Signaling Technology) at 1:500, Hog1 antibodies (sc-6815, Santa 
Cruz Biotechnology) at 1:500, and glucose-6-phosphate dehydrogenase (G6PDH) 
antibodies (A9521, Sigma-Aldrich) at 1:50,000. Far1-HA immunoreactive species were 
visualized by chemiluminescent detection (PerkinElmer Life Sciences LAS) of 
horseradish peroxidase-conjugated antibodies (sc-2006, Santa Cruz Biotechnology, Inc.) 
at 1:10,000. All remaining immunoreactive species were visualized by fluorescent 
detection (Typhoon Trio + Imager, GE Healthcare) of AlexaFluor conjugated antibodies 
(A21245, A21424, A21431, Invitrogen) at 1:2,000. Band intensity was quantified by 
scanning densitometry using Image J (National Institutes of Health). P-Fus3 and P-Kss1 
values were normalized to G6PDH loading control.   
Transcriptional Reporter Assay 
FUS1-LacZ levels were measured every 30 min after treatment with mating 
pheromone α factor, or α factor and KCl or sorbitol using a β-galactosidase assay as 
described previously (Hoffman et al. 2002). Cells were split and diluted 30% with fresh 
medium containing pheromone alone or pheromone and an indicated concentration of 
KCl or sorbitol. Aliquots of cells were removed every thirty minutes, lysed, and β-
galactosidase activity was measured. 
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FEEDBACK PHOSPHORYLATION AS A MECHANISM FOR SIGNALING 
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Summary 
Different environmental stimuli often use the same set of signaling proteins to 
achieve very different physiological outcomes. The mating and invasive growth 
pathways in yeast each employ a mitogen-activated protein kinase (MAPK) cascade that 
includes Ste20, Ste11 and Ste7. Whereas proper mating requires Ste7 activation of the 
MAPK Fus3, invasive growth requires activation of Kss1. In order to determine how 
pathway specificity is achieved, we used a series of mathematical models to 
quantitatively characterize pheromone-stimulated MAPK activity. In accordance with the 
computational analysis, MAPK feedback phosphorylation of Ste7 results in diminished 
activation of Kss1 but not Fus3. These findings reveal how one MAPK can limit the 
activity of a competing MAPK through feedback phosphorylation of a common activator, 
and thereby maintain signal fidelity.  
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Introduction 
A measure of our understanding of any biological system is our ability to predict 
its behavior in detail. Thus, an emerging strategy is to construct computational models of 
dynamic changes that occur in response to cellular stimuli. Such models have revealed 
how small changes outside a cell are amplified, how graded signals are converted to all-
or-none responses (Ferrell and Machleder 1998), and how sustained external signals 
are prevented from being propagated indefinitely (Bhalla and Iyengar 1999). Recently, 
we used a combination of experimental analysis and mathematical modeling to identify 
positive and negative regulators of pathway activity in yeast signaling systems (Hao et 
al. 2003; Hao et al. 2007).  Here we use analogous methods to determine how activation 
of one signaling pathway leads to diminished activity of a second, parallel pathway.  
For our studies we investigated a developmental decision in the budding yeast 
Saccharomyces cerevisiae. Yeast cells can initiate either a mating or invasive growth 
program, depending on the presence or absence of specific external cues (Figure 3.1A). 
Mating is initiated when a and α haploid cell types secrete and respond to type-specific 
pheromones acting through G protein-coupled receptors (Wang and Dohlman 2004). 
Alternatively, invasive growth occurs in nutrient-poor conditions (Truckses et al. 2004). 
Combined genetic and biochemical studies revealed that mating and invasive growth 
require a protein kinase cascade comprised of Ste20, Ste11, and Ste7 (Wang and 
Dohlman 2004). The pathways diverge at the level of the MAPK. Whereas deletion of 
one MAPK (KSS1) severely impairs invasive growth in haploid cells (Roberts and Fink 
1994; Cook et al. 1997), deletion of a second MAPK (FUS3) impairs pheromone-induced 
growth arrest. Deletion of FUS3 additionally leads to enhanced Kss1 activation 
(Sabbagh et al. 2001), Kss1-mediated gene transcription (Madhani and Fink 1997) as 
well as invasive growth behavior (Roberts and Fink 1994). Thus, Kss1 is needed for 
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Figure 3.1. Fus3 attenuates Kss1 activity.   
(A) Components of the mating and invasive-growth pathways. Activation steps 
are indicated with arrows. Inhibition steps are indicated with a T shaped line. Ptp2/3 
inhibition of Kss1 is presumed but not documented. (B) Wild-type or mutant cells in 
which Fus3 had been genetically deleted (fus3Δ) or replaced with the catalytically 
inactive fus3K42R mutant were treated with a-factor pheromone (3 mM) for the times 
indicated, and whole-cell extracts were resolved by 12% SDS-PAGE and 
immunoblotting (IB) with anti-phospho p42/44 antibodies, which recognize the 
phosphorylated and activated form of Fus3 (p-Fus3) and Kss1 (p-Kss1), or anti-Pgk1 
antibodies as a loading control. Data are representative of three or more experiments 
with similar results. Data and figure were compiled by Dr. Nan Hao.  
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invasive growth while Fus3 appears to simultaneously promote mating and suppress 
invasion (Roberts and Fink 1994; Cook et al. 1997; Madhani and Fink 1997; Sabbagh et 
al. 2001). However it is not established how Fus3 limits the activity of Kss1. Here we 
demonstrate that feedback phosphorylation of a shared component by Fus3 serves to 
limit activation of Kss1. This work reveals how signaling pathways that share 
components can nevertheless invoke distinct cellular responses. 
Results 
Although the molecular mechanisms of MAPK activation are well established, it is 
not established how Fus3 limits the activity of Kss1, and more generally how two 
signaling pathways that share components attain different developmental fates 
(Schwartz and Madhani 2004). To investigate Kss1 regulation by Fus3, we monitored 
their time-dependent activity using antibodies that recognize the dually-phosphorylated 
and activated forms of both kinases. Figure 3.1B shows time course data for 
pheromone-stimulated MAPK phosphorylation. In wild-type cells, phosphorylated Kss1 
and Fus3 levels rise rapidly and then decline to near-baseline levels after 90 min of 
stimulation. The largest difference in temporal profiles of the two kinases is in the 
kinetics of activation, with Kss1 becoming highly phosphorylated after ~ 5 min, while 
Fus3 phosphorylation increases more slowly, peaking 30-60 min after the initial stimulus. 
Consistent with previous investigations, we found Kss1 activation is increased in 
cells that either lack Fus3 or express a catalytically-inactive Fus3K42R mutant (Figure 
3.1B) (Gartner et al. 1992; Roberts and Fink 1994; Madhani and Fink 1997; Sabbagh et 
al. 2001). Previous studies did not establish the mechanism by which Fus3 limits Kss1 
signaling. Given that differences in Kss1 phosphorylation levels appear as early as 5 min 
after stimulation with pheromone, we reasoned that the observed cross-inhibition likely 
involves post-translational modification.  This led us to consider two general biochemical 
 65 
mechanisms that might underlie Fus3’s ability to regulate Kss1 activation. First, Fus3 
might phosphorylate and inactivate some signaling protein upstream of Kss1, such as 
Ste7. Fus3 was shown previously to phosphorylate Ste7 (Errede et al. 1993; Zhou et al. 
1993) at approximately seven residues (Maleri et al. 2004). Kss1 can partially substitute 
for Fus3, but has distinct substrate preferences and displays distinct spatial, temporal 
and kinetic properties in vivo (Figure 3.1B) (Breitkreutz et al. 2001; Sabbagh et al. 2001; 
Hao et al. 2008a). Alternatively Fus3 might phosphorylate and activate some 
downstream inhibitor, such as a protein phosphatase. Phosphorylation of both Thr-183 
and Tyr-185 within Kss1 is necessary for its activation, so de-phosphorylation of either 
residue is sufficient for its inactivation. Fus3 phosphorylates Msg5 (Doi et al. 1994), a 
dual specificity phosphatase. In addition the two protein tyrosine phosphatases Ptp2 and 
Ptp3 have been implicated in the regulation of Fus3 (Zhan et al. 1997; Zhan and Guan 
1999). However, a role for these phosphatases in the regulation of Kss1 has never been 
demonstrated.  
Mathematical Models  
Based on the above observations, we developed a series of six computational 
models that describe the inhibition of Kss1 by Fus3. The common elements of all six 
models are shown in Figure 3.2A. Figure 3.2B illustrates the different biochemical 
mechanisms of cross inhibition considered by each model. All six models include the 
known positive regulator (Ste7) and three negative regulators of the pathway (Msg5, 
Ptp2, and Ptp3). Each model considers that transcription of MSG5 and FUS3 is induced 
by pheromone (Roberts et al. 2000) producing a corresponding increase in protein 
abundance (Hao et al. 2006). Model I assumes that Fus3 acts upstream of Kss1. It does 
not assume a specific biochemical mechanism; rather in this model the rate of Kss1 
activation is inversely proportional to the amount of active Fus3. In this model, the three  
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Figure 3.2. Six models of Fus3-mediated attenuation of Kss1 activity. 
(A) A schematic diagram of the pathway elements common to all six models.  All 
the models include the positive regulator Ste7 and MAPK-dependent induction of Msg5 
and Fus3. The phosphatases Ptp2 and Ptp3 (not shown) are also present in all 6 
models. (B)  Model I states that the rate of Kss1 phosphorylation and activation (Kss1 
conversion to p-Kss1) is inversely proportional to the amount of active Fus3 (p-Fus3). In 
this model the phosphatases Msg5 and Ptp2/3 are constitutively active. Model II states 
that Kss1 inactivation is proportional to active Fus3. Again the three phosphatases are 
taken to be constitutively active. Model III states that Fus3 phosphorylates and activates 
Ptp2 and Ptp3 (p-Ptp2/3), with Msg5 constitutively active. Model IV states that Fus3 
phosphorylates and activates Msg5 (p-Msg5), with Ptp2/3 constitutively active. Model V 
Fus3 phosphorylates and activates all three phosphatases. Model VI represents a 
negative control, which relies only on the induction of Msg5. (C) The sum of the squared 
differences (SSD) between the experimental data and output of the six models vs. the 
number of accepted realizations in the Monte Carlo optimization routine. A smaller SSD 
indicates a better fit to the data. For each model the Monte Carlo routine has converged 
by 800 accepted realizations. Models were constructed by Dr. Necmettin Yildirim 
and Dr. Timothy Elston. 
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phosphatases Msg5, Ptp2 and Ptp3 are assumed to be constitutively active. As with 
Model I, Model II does not assume a specific biochemical mechanism; instead the rate of 
Kss1 inactivation is proportional to the amount of active Fus3. Again the three known 
phosphatases are taken to be constitutively active.  Model II would be expected to 
perform best if, for example, an as-yet-unidentified phosphatase underlies Fus3-
dependent inhibition of Kss1.  Model III assumes that Fus3 phosphorylates and activates 
Ptp2 and Ptp3, while Msg5 is constitutively active. Model IV assumes that Fus3 
phosphorylates and activates Msg5, while Ptp2 and Ptp3 are constitutively active. Model 
V assumes that Fus3 phosphorylates and activates all three phosphatases. Finally, 
Model VI assumes that Fus3 does not alter the catalytic activity of any inhibitor or 
activator, but relies only on the transcriptional induction of the negative regulator Msg5. 
Increased expression of Msg5 is evident 30-60 min after pheromone stimulation (Hao et 
al. 2006). This slow accumulation of protein rules out transcriptional induction as a major 
mechanism of cross-inhibition and makes Model VI suitable as a negative control.  
Because Ste7 is the most downstream kinase shared by both the pheromone 
and invasive-growth pathways, all the models start with this protein. An efficient 
experimental method for quantitatively measuring Ste7 activity is not currently available. 
Therefore we considered two general time profiles for Ste7 activity. Given that Kss1 
activation is rapid with peak activity occurring around 5 min, both profiles assume that 
Ste7 activation occurs immediately. Our recent analysis of the mating-response pathway 
suggests that any changes in pheromone dose alter the duration of MAPK activation, 
and this dose-to-duration transformation requires signaling components upstream of the 
MAPKs (Behar et al. 2008; Hao et al. 2008a). Therefore, in the first scenario the 
temporal profile of Ste7 activity takes the form of a decreasing Hill function.  In the 
second case, Ste7 activity decays exponentially in time. In either case the time needed 
for Ste7 to reach half-maximum activity is taken as a free parameter, which is 
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determined by fitting the models to experimental data. The decreasing Hill function is 
used because this scenario produced better overall fits to the data. However, the relative 
performance of the models did not depend on the choice of input signal.  
Maleri et al. have demonstrated a MAPK-mediated feedback loop that acts above 
Ste7. This negative regulation diminishes the amount of active Ste7 and, thus, affects 
activation of both Fus3 and Kss1 equally.  Because the parameters that describe the 
active Ste7 time profile are included in the data fitting, the effect of this negative 
feedback loop is implicitly included in all the models. Full details of all the models and 
the corresponding mathematical equations are given in Materials and Methods.  
Evaluation of the Models 
To fit the models to the data we chose a Monte Carlo approach based on the 
Metropolis algorithm (Brown et al. 2004; Yu et al. 2007). This optimization method 
samples the parameter space using a random walk that is biased toward parameter sets 
that minimize the sum of the squared differences between the model output and 
experimental data. This technique has several advantages over other methods for 
performing nonlinear regression. The finite probability of accepting suboptimal parameter 
sets allows the algorithm to escape from local minima in parameter space. The algorithm 
does not generate a single optimal parameter set, but rather a family of parameter sets 
that each produce approximately equivalent fits to the data. This feature allows 
confidence intervals to be placed on model predictions. Finally, the distributions for the 
model parameter values generated by the algorithm provide a measure of how well the 
experimental data constrain the model. Thus differences between the models are 
attributable to differences in biochemical characteristics rather than the choice of 
parameter values.  
All six models were fit to the time courses for Fus3 and Kss1 activation obtained 
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from wild-type cells as well as from cells that express the catalytically inactive mutant 
(fus3K42R), express a two-fold excess of each MAPK (2xFUS3 and 2xKSS1), express a 
two-fold excess of each phosphatase (2xMSG5, 2xPTP2, and 2xPTP3), or that lack 
each of these components (fus3Δ, kss1Δ, msg5Δ, ptp2Δ, ptp3Δ, and ptp2 ptp3Δ double 
mutant). The full set of results can be found in (Hao et al. 2006). A discussion of how the 
experimental data were normalized is given in Materials and Methods. Figure 3.2B 
shows a plot of the sum of the squared differences (SSD) versus the number of 
accepted realizations in the Monte Carlo optimization process for each of the six models. 
After 800 accepted realizations the SSD converged for each model.  Model I performs 
the best (minimum SSD) and Models II, III and V perform equally well, but consistently 
worse than Model I. Models IV and VI perform most poorly, and were eliminated from 
further consideration.  
Models I, II, and III show significant differences in their ability to capture the Kss1 
phosphorylation data obtained from fus3Δ,  fus3K42R, and ptp2/3Δ double deletion strains. 
Model V, in which Fus3 phosphorylates and activates all three phosphatases, produces 
results very similar to Model III, in which Fus3 phosphorylates Ptp2/3 and Msg5 is 
constitutively-active. Therefore, the results for Model V are not shown here.  For Models 
I, II and III, 100 parameter sets were randomly selected from those accepted by the 
Monte Carlo optimization routine. The model equations were run using these parameter 
sets to generate a distribution of solutions. As shown in Figure 3.3, Model II does not 
capture the increase in Kss1 activity seen in the ptp2/3Δ data set. Neither Model II nor 
Model III captures the rapid increase in Kss1 activity observed in both the fus3Δ and 
 fus3K42R strains. In contrast, Model I (where Fus3 decreases the rate at which Kss1 is 
phosphorylated) did capture the rapid increase in Kss1 activity, but slightly 
underestimated Kss1 activity observed in the ptp2/3Δ data set.  The confidence intervals 
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Figure 3.3. A comparison of model output with experimental data.  
 The biggest differences between Model I and Models II and III occurred in their 
ability to capture the dynamics of Kss1 phosphorylation in fus3D , fus3K42R, and ptp2/3D 
mutants, represented as a percentage of maximum. Red solid circles, experimental 
results for mutants; black solid circles, experimental results for wild-type cells. The 
corresponding red and black dashed curves represent ± 2 standard deviations for the 
distribution of model solutions and the solid curves are the average results. Data was 
complied by Dr. Nan Hao. Models were constructed by Necmettin Yildirim and Dr. 
Timothy Elston. 
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presented in Figure 3.3 indicate that the observed behaviors are not a consequence of 
the specific choice of parameter values, but are general properties of the models.  
Analysis of the Models  
We developed a simplified model of cross-inhibition to characterize the two 
general mechanisms by which Fus3 might regulate Kss1. Figure 3.4A shows a diagram 
of two mechanisms for cross-inhibition. In the first scenario (Model I, red line) Fus3 
inhibits Kss1 activity by decreasing the rate of Kss1 phosphorylation. In the second 
scenario (Models II, III and V, blue line), inhibition occurs by increasing the rate of Kss1 
dephosphorylation. The two mechanisms can be investigated using the following 
equations: 
€ 
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where [p-Fus3] and [p-Kss1] are the concentrations of phosphorylated Fus3 and Kss1, 
respectively, and [Fus3]Total = [p-Fus3] + [Fus3] and [Kss1] Total = [p-Kss1]+[Kss1]. At t = 
0, the system is exposed to a pheromone concentration s. The pheromone-induced 
phosphorylation rates of Fus3 and Kss1 are k1s and k3s, respectively.  The 
dephosphorylation rate of Fus3 is k2. To model the mechanism in which Fus3 decreases 
Kss1 activation, the phosphorylation rate k3s is reduced by a factor K/(K+α[p-Fus3]). For 
the case in which Fus3 stimulates Kss1 deactivation, the dephosphorylation rate k4 is 
increased by an amount β [p-Fus3].  
The rate at which the Kss1 concentration approaches steady state is governed 
by the quantity:  
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Therefore, the two mechanisms of cross-inhibition have opposite effects on the 
relaxation rate. If Fus3 inhibits Kss1 phosphorylation, the relation rate is reduced; if Fus3 
increases deactivation, the relaxation rate is increased. These two effects are illustrated 
in Figure 3.4B. In this figure the gray dashed line represents the concentration of 
phosphorylated-Fus3 used to generate all the results. The black curve represents the 
concentration of phosphorylated-Kss1 for the situation in which cross-inhibition has been 
removed (α = 0 and β = 0). In this case the relaxation rate is given by k3s+k4. The red 
curves represent the case in which cross-inhibition occurs by decreasing Kss1 activation 
(α = 1 and β = 0) for two different values of K. In this case, cross-inhibition not only 
decreases the maximum amplitude of Kss1 activity, but also slows Kss1 activation. This 
model also produces a slow decline in Kss1 activity following the maximum response 
and this decrease in activity is roughly independent of the strength of the feedback 
inhibition. The blue curves represent the case in which cross-inhibition occurs by 
increasing the deactivation rate of Kss1 (α = 0) for two values of β. The values of β have 
been chosen so that the models reach approximately the same maximum amplitude. 
This case produces a fast rate of deactivation following the maximum response, and the 
rate of deactivation is proportional to the strength of the feedback inhibition. 
Consequently, this scenario is incompatible with the experimental data because it cannot 
simultaneously account for (i) the large increase in maximum Kss1 activity seen in the 
fus3Δ and  fus3K42R strains and (ii) the slow decline in Kss1 activity observed in wild-type 
cells (see Figure 3.3).  
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Figure 3.4. A simple model of cross-inhibition.  
(A) The model incorporates two mechanisms of cross-inhibition: Fus3 inhibits the 
rate of Kss1 phosphorylation (red dashed line), and Fus3 increases the rate of Kss1 
dephosphorylation (blue dashed line). (B) Time courses of [p-Kss1] for the two 
mechanisms of cross-inhibition. The black curve represents the case in which cross-
inhibition has been removed (a = 0 and b = 0). The parameters values are s = 1, [Fus3]T 
= 1, [Kss1] T = 1, k 1 = 1, k 2 = 0.5, k 3 = 10, k 4 = 1. For the cases in which Fus3 
decreases Kss1 phosphorylation rate (a = 1 and b = 0, red curves), K = 0.1 (top curve) 
and K = 0.03 (bottom curve). For the cases in which Fus3 increases Kss1 
dephosphorylation rate (a = 0, blue curves), b = 20 (top curve) and b = 125 (bottom 
curve). Also shown is the time course for [p-Fus3] (gray dashed curve) used to generate 
all the results. Models were constructed by Necmettin Yildirim and Dr. Timothy 
Elston. 
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Experimental Validation of Model I 
Our findings above show excellent agreement between Model I and the available 
experimental data. Furthermore, these findings indicate that feedback phosphorylation 
underlies the ability of Fus3 to inhibit Kss1 activity. Candidate targets of feedback 
inhibition include all upstream kinases, including Ste20, Ste11, and Ste7. We did not 
consider the kinase scaffold protein Ste5, given that it is required for the activity of Fus3 
but not Kss1 (Breitkreutz et al. 2001; Andersson et al. 2004; Maleri et al. 2004; Flatauer 
et al. 2005). Of the remaining candidates, Ste7 is the most proximal to Fus3 and Kss1, 
and therefore represents a logical target for feedback regulation.  Moreover, Fus3 was 
shown previously to phosphorylate Ste7, and the major sites have been identified (Maleri 
et al. 2004).  
As shown in Figure 3.5A, a Ste7 mutant lacking known sites of feedback 
phosphorylation (Ste7A7) exhibits a significant elevation in Kss1 phosphorylation. The 
magnitude and duration of the response is fully consistent with the predictions of Model 
I. Notably, differences in Kss1 activation are evident within 5 minutes of pheromone 
treatment. Since this is well before Fus3 is fully activated, our findings imply that early 
(although submaximal) activation of Fus3 is sufficient to regulate Kss1. A key prediction 
of this model is that feedback phosphorylation occurs rapidly, within 5 minutes of 
pheromone addition. To test this requirement, we monitored the electrophoretic mobility 
shift that accompanies feedback phosphorylation of Ste7 (Zhou et al. 1993). Since Kss1 
might also phosphorylate Ste7, this experiment was done in the absence as well as in 
the presence of Kss1 expression. As shown in Figure 3.5B, both the wild-type and kss1 
mutant strains yield equivalent shifts in Ste7 mobility over the entire time course of 
stimulation. Thus Fus3 can fully feedback phosphorylate Ste7 within 5 minutes and this 
timing is consistent with the prediction that Fus3 rapidly dampens Kss1 phosphorylation 
upon pheromone stimulation. 
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Figure 3.5 
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Figure 3.5. Fus3 attenuates Kss1 activity through feedback phosphorylation of 
Ste7. 
(A) ste7Δ mutant cells transformed with a single copy plasmid expressing either 
Ste7 or Ste7A7 (lacks feedback phosphorylation sites) were treated with pheromone and 
analyzed by immunoblotting as described in Figure 1 and mathematically quantified as 
described in Figure 3. (B) Measurements of feedback phosphorylation of Ste7. Ste7-TAP 
or mutant cells in which Kss1 had been genetically deleted (kss1Δ) were treated with a-
factor pheromone (3 mM) for the times indicated, and whole-cell extracts were resolved 
by 12% SDS-PAGE and immunoblotting. Ste7-TAP and phospho Ste7-TAP (p-Ste7-
TAP) were detected by using anti-phospho p44/42 antibody and anti-G6PDH antibody 
was used as a loading control. (C) Analysis of Ste7A7, fus3Δ and Ste7A7/fus3Δ strains 
treated with 3µM α factor for 5 min. Whole-cell extracts were resolved as in (B) and 
proteins were detected by immunoblotting by using anti-phospho p44/42, anti-Kss1, anti-
Fus3 and anti-G6PDH antibodies. The graph on the right plots three independent 
experiments quantified by scanning densitometry. Bars represent SE ± mean. (D) The 
same cells as in (A) co-transformed with an FRE-lacZ reporter (pRS425-Ty1-lacZ) were 
treated with 3 mM a-factor pheromone for 90 min, as indicated (+), and the resulting b-
galactosidase activity was measured spectrofluorimetrically. Note that FRE (PRE-TCS) 
reporters show modest pheromone-induced expression as previously noted (Baur et al. 
1997; Sabbagh et al. 2001) (E) The invasive-competent strain MLY218a-ste7D was 
transformed with plasmid-borne Ste7 or Ste7A7, grown in liquid selective medium, 
spotted onto solid YPD medium, and rubbed under a stream of water to detect invasive 
growth after 2-3 days. (F) The same strains used in panel A were grown on selective 
medium, exposed to a-factor pheromone spotted onto paper discs, and then rubbed 
under a stream of water to detect pheromone-driven invasive growth visible just beyond 
the zone of growth inhibition. Data are representative of three or more experiments with 
similar results. Dr. Nan Hao ran the gel in (A) and provided data in panels (D), (E) 
and (F) 
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To examine the contribution of Ste7 feedback to increased Kss1 activation in 
cells lacking Fus3, we compared Kss1 activation in Fus3 and Ste7 mutant strains at 5 
minutes (Figure 3.5C). The combined mutation (fus3Δ SteA7) did not produce enhanced 
Kss1 phosphorylation when compared to cells lacking Fus3 alone. This result suggests 
that Fus3, not Kss1, feedback phosphorylates Ste7 to regulate Kss1 activity. 
Furthermore, we examined the effect of the mutants on Kss1 expression. It was 
previously reported that strains lacking Fus3 exhibit an increase in Kss1 expression 
(Andersson et al. 2004). Accordingly, strains lacking Fus3 showed a 5-fold increase in 
total Kss1 levels. We also observed increased Kss1 levels in SteA7 cells, however unlike 
fus3Δ cells the increase was less than 2-fold. Any increase in Kss1 expression, signifies 
an increase in the available substrate for Ste7 to phosphorylate, and thus may explain 
the increased Kss1 phosphorylation seen in Fus3 and Ste7 mutants. Nevertheless, as 
shown in Figure 3.5C, the ratio between phosphorylated and total Kss1 from SteA7 cells 
demonstrates an increase in Kss1 activity. Furthermore, the ratio observed in fus3Δ cells 
and the double mutant, are similar to SteA7. Together these data confirm that Ste7 
feedback phosphorylation is responsible for diminished Kss1 activity and Fus3 mediates 
this effect. 
To further corroborate our findings we measured Kss1-mediated transcription 
and invasive growth activities (Madhani and Fink 1997). In full agreement with the 
model, the transcription response is substantially elevated in cells expressing the Ste7A7 
mutant (Figure 3.5D). Ste7A7 likewise confers an increase in invasive growth behavior, 
both in the absence and presence of pheromone (Figure 3.5E and 3.5F) (Roberts et al. 
2000; Erdman and Snyder 2001; Maleri et al. 2004). In striking contrast, Ste7A7 exhibits 
diminished Fus3 phosphorylation (Figure 3.5A and Maleri et al.) and slightly diminished 
growth arrest (Figure 3.5F). Taken together these findings indicate that Fus3 
phosphorylates Ste7, and this feedback phosphorylation event leads to dampened 
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activation of Kss1.                  
Disscussion  
A fundamental question in biology is how two signaling pathways can produce 
different physiological outcomes, despite sharing multiple pathway components. Here 
we have used a combination of experimental and computational approaches to 
investigate mechanisms of pathway signaling specificity in yeast. Specifically we show 
that one MAPK can limit the activity of a competing MAPK, through feedback 
phosphorylation of a common activator. Under conditions where Fus3 signaling is 
propagated, Ste7 is phosphorylated, and Kss1 activity is abrogated. 
These findings build on previous work examining the role of Ste7 in signal 
regulation. Our current work reveals a central role of Ste7 in pathway specificity. 
Previous findings from our lab have demonstrated a role of Ste7 in pathway 
desensitization. Following pheromone stimulation, Ste7 is phosphorylated by Ste11, and 
is subsequently ubiquitinated and degraded by the proteasome protease complex (Wang 
et al. 2003). Thus Ste7 activity is diminished by both feedforward and feedback 
phosphorylation mechanisms. Whereas feedforward phosphorylation leads to rapid 
degradation of Ste7 and diminished signaling overall, feedback phosphorylation leads to 
rapid redirection of Ste7 signaling from Kss1 to Fus3.  
Feedback phosphorylation of Ste7 represents just one of several control 
mechanisms used to ensure signal fidelity. Pheromone stimulation also leads to 
selective degradation of the transcription factor Tec1. Tec1 acts downstream of Kss1, 
but not Fus3, and so selective inactivation of transcription is likely to contribute as well to 
maintaining pathway specificity (Bao et al. 2004; Bruckner et al. 2004; Chou et al. 2004). 
Regulating signal activity at various levels of the pathway may be especially important in 
this case, given the multiple functions ascribed to Kss1. For example, Kss1 up regulates 
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gene expression when activated, but in its unphosphorylated form acts as a 
transcriptional repressor (Bardwell et al. 1998a). Additionally, Fus3 and Kss1 may 
phosphorylate substrates that are not involved in transcriptional regulation. In this 
regard, it is interesting that Model I does not fully capture the increased level of Kss1 
activity measured in the ptp2/3Δ mutant (Figure 3.3). This effect is captured by Model III, 
in which phosphorylation by Fus3 increases the phosphatase activity of Ptp2/3; however 
it has not been experimentally determined that Ptp2 or Ptp3 are substrates for Fus3. 
Moreover, ptp2Δ and ptp3Δ deletion mutants exhibit little change in Kss1 activity (Hao et 
al. 2006), particularly when compared with the Ste7A7 and Fus3KR mutants. 
Nevertheless, Fus3 phosphorylation of a phosphatase could provide yet another (albeit 
minor) mechanism for limiting Kss1 activity. We postulate that multiple mechanisms of 
cross-inhibition provide redundancies, which help to ensure that the system is robust in 
the face of environmental, internal, and genetic perturbations. 
 Finally, our findings illustrate the utility of coordinated computational and 
experimental approaches for addressing important biological questions. By using such 
an approach, we established feedback phosphorylation of Ste7 as a dominant 
mechanism for limiting Kss1 activation following treatment with pheromone. Given the 
conservation among MAPK pathways in all eukaryotes, this new mechanism of pathway 
specificity will likely apply to signaling networks in more complex organisms. 
Materials and Methods 
Strains and plasmids 
Standard methods for the growth, maintenance, and transformation of yeast and 
bacteria, and for the manipulation of DNA, were used throughout. The yeast 
Saccharomyces cerevisiae strains used in this study are BY4741 (MATa leu2Δ his3Δ 
met15Δ ura3Δ), BY4741-derived deletion mutants lacking ste7, fus3, kss1, ptp2, ptp3, 
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msg5 or ptp2/ptp3 (ptp2::URA3, ptp3::KanMX), or BY4741 expressing FUS3 or MSG5 
C-terminally fused to a tandem affinity purification (TAP) tag (Open Biosystems). All 
strains are BAR1 and therefore do not undergo sustained arrest at the pheromone doses 
used. The yeast strain used in the invasive growth assay is the ∑1278-based MLY218a-
ste7 (MATa leu2 ura3, ste7::KanMX). The gene replacement was further confirmed by 
PCR. The filamentous-responsive element (FRE) transcription reporter (Ty1-lacZ) used 
in this study was described previously (Maleri et al. 2004). 
Expression plasmids encoding STE7 (pNC752) and the feedback 
phosphorylation-deficient ste7A7 mutant (pNC769) were described previously (Maleri et 
al. 2004). Additional expression plasmids used in this study are those containing FUS3, 
KSS1, PTP2, PTP3, and MSG5. Each gene was amplified using flanking PCR primers 
that anneal 600 bp upstream or 600 bp downstream of the open reading frame. The 
PCR products were then subcloned to pRS316 and/or pRS305 (for pRS305-
PTP2::URA3) and/or pRS306 (for pRS306- fus3K42R) (Invitrogen). Expression plasmids 
or the corresponding empty vector control were transformed into cells and maintained in 
standard SCD drop out medium (Bio 101). 
TCA Acid Extraction of Protein for Immunoblot Analysis 
Cells were collected to pre-chilled 50 ml tubes containing 10 mM NaN3 (final 
concentration), centrifuged, and the cell pellets stored at –80oC. Alternatively in Figure 
3.5B and C cells were collected in pre-chilled 50 ml tubes containing TCA (5% final 
concentration). To prepare extracts, cell pellets were thawed on ice and resuspended in 
250 µl of ice cold TCA buffer (10 mM Tris pH 8.0, 10% trichloroacetic acid, 25 mM 
NH4OAc, 1 mM EDTA). Cells were disrupted by vortexing with 100 µl of glass beads in 5 
x 1 min bursts with chilling on ice in between. Lysates were transferred to new tubes and 
centrifuged for 10 min at 16,000 x g at 4°C. Pellets were resuspended in 0.1 M Tris pH 
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11.0, 3% SDS, and boiled for 5 min, then centrifuged at 16,000 x g. The resulting 
supernatant was separated and protein concentration was determined using the DC 
protein assay (Bio-Rad Laboratories). 20 µg of protein was used per time point. 
Whole cell protein extracts were resolved by 12% SDS-polyacrylamide gel 
electrophoresis and immunoblotting with phospho-p42/44 antibody at 1:500 (9101L, Cell 
Signaling Technologies) (Sabbagh et al. 2001), G6PDH antibody at 1:105 (Sigma-
Aldrich), or anti-protein A antibodies (Sigma-Aldrich). Band intensity was quantified by 
scanning densitometry with ImageJ (National Institute of Health). In each case, the data 
from at least three independent experiments were averaged.  
Invasive growth and reporter transcription assays 
The invasive growth assay and reporter transcription assay were conducted as 
described previously (Roberts et al. 2000; Maleri et al. 2004). Unless indicated 
otherwise, the pheromone concentration was 3 µM. 
Model Equations 
To investigate the mechanisms responsible for signal specificity between the 
yeast mating response and invasive growth pathways, we devised six differential 
equation models. Each model corresponds to a different mechanism of cross-inhibition. 
All six models assume that the total Kss1, Ptp2 and Ptp3 concentrations remain constant 
for the duration of the experiments. Our experimental results using TAP-tagged proteins 
strongly support this assumption (data not shown). We have observed that Fus3 and 
Msg5 concentrations increase 2-3 fold following stimulation with 3 µM of pheromone 
(Hao et al. 2006). Therefore, all six models take pheromone-dependent transcriptional 
induction of Fus3 and Msg5 into account.  
We investigated two functional forms for the temporal profile of active Ste7. Both 
scenarios ignore the initial activation phase of Ste7. This approximation is based on the 
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observation that Kss1 activation is very rapid with peak activity occurring around 10 min 
following pheromone stimulation. Because Ste7 activation must be at least this fast, it is 
reasonable to assume that Ste7 reaches maximum activation levels immediately 
following pheromone stimulation. In the first scenario, Ste7 activity follows a decreasing  
Hill function of the form [Ste7*] = [Ste7]0/(1 + (k5 t)n) (model data not shown), where 
[Ste7*]0 is the initial concentration of active Ste7 and the parameter k5 determines the 
time at which active Ste7 has been reduced to half its original value. This form of Ste7 
activity was motivated by our previous work, which suggests that the upstream signaling 
proteins in the pheromone pathway function to convert pheromone dose information into 
signal duration (Behar et al. 2008).  In the second scenario the active Ste7 concentration 
[Ste7*] decreases exponentially in time. That is, the activity profile of Ste7 has the 
following form:  [Ste7*] = [Ste7*]0 exp(-k5 t), where again [Ste7*]0 is the initial 
concentration of active Ste7 and k5 is the rate at which Ste7 activity decreases. To 
minimize the number of free parameters, we assumed a Hill coefficient of n = 8, which 
produces a step-like Ste7 response (model data not shown) consistent with the profile 
suggested by our recent studies.  We also assume that all Ste7 molecules are active at t 
= 0 and set [Ste7*]0 = 700 in both cases. The remaining parameter k5 in the active Ste7 
time profiles is determined by fitting the models to the experimental data. In all the 
models the unphosphorylated Fus3 concentration [Fus3] is governed by the following 
equation: 
€ 
d Fus3[ ]
dt = -k1 Fus3[ ] Ste7 *[ ] + FPtp2 Ptp2*[ ] + FPtp3 Ptp3*[ ] + FMsg5 Msg5 *[ ]( ) p - Fus3[ ]
                 + Vmax 1 p - Fus3[ ]
n
Km1n + p - Fus3[ ]
n +
Vmax 2 p -Kss1[ ]
n
Km1n + p -Kss1[ ]
n
(1) 
The first term on the right hand side of the Eq. (1) represents the phosphorylation 
of Fus3 by active Ste7. Our recent work demonstrated the slow phosphorylation rate of 
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Fus3 depends on full catalytic activity (Hao et al. 2008a). That is, a mutant containing a 
“kinase dead” version of Fus3 displayed rapid activation kinetics similar to Kss1. 
Therefore, we allowed the rate constant for Fus3 activation in this strain k1′ to vary from 
the value k1 in strains containing wild-type Fus3. The second term in Eq. (1) models the 
dephosphorylation of Fus3 by the phosphatases Ptp2, Ptp3 and Msg5. Again, the 
symbol * indicates the active form of the phosphatases. The models make different 
assumptions about how the phosphatases are activated (see below). If a phosphatase is 
constitutively-active, then the active form is equal to the total concentration of the 
phosphatase. The last two terms model Fus3- and Kss1-dependent induction of Fus3. 
We modeled transcriptional-induction using Hill kinetics. The Hill coefficient was taken to 
be 2 and the Km and Vmax values were free parameters determined by fitting the models 
to experimental data. We did not include a term for degradation of Fus3, because its 
half-life was measured to greater than 2 hours and increased upon stimulation with 
pheromone (Wang et al. 2006). The equation for the phosphorylated (active) Fus3 
concentration, [p-Fus3], is given by  
€ 
d p - Fus3[ ]
dt =k1 Fus3[ ] Ste7 *[ ] − FPtp2 Ptp2*[ ] + FPtp3 Ptp3*[ ] + FMsg5 Msg5 *[ ]( ) p - Fus3[ ]         (2)       
Because we assume that the total Kss1 concentration [Kss1]Total = [Kss1] + [p-Kss1]  is 
constant in time, we only need to consider the active concentration [p-Kss1]. In Model I, 
Fus3 inhibits the activation of Kss1 and the three phosphatases are constitutively active. 
This leads to the following equation for [p-Kss1] 
€ 
d p -Kss1[ ]
dt =k 2 Kss1[ ]Total − p -Kss1[ ]( )
Ste7 *[ ]
Km3 + p - Fus3[ ]
                     − KPtp2 Ptp2*[ ] +KPtp3 Ptp3*[ ] +KMsg5 Msg5 *[ ]( ) p -Kss1[ ]
                    (3) 
In Model II, the phosphatases are again assumed to be constitutively-active, and Fus3 
causes an increase in the dephosphorylation rate of Kss1 through a phosphatase-
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independent mechanism. In this case the equation for [p-Kss1] is  
€ 
d p -Kss1[ ]
dt =k 2 Kss1[ ]Total − p -Kss1[ ]( ) Ste7 *[ ]
                     − KPtp2 Ptp2*[ ] +KPtp3 Ptp3*[ ] +KMsg5 Msg5 *[ ] +α p - Fus3[ ]( ) p -Kss1[ ]
 (4) 
where the term α [p-Fus3] [p-Kss1] models the Fus3 dependent Kss1 dephosphorylation 
rate. For Models III-VI, the equation for [p-Kss1] is  
€ 
d p -Kss1[ ]
dt =k 2 Kss1[ ]Total − p -Kss1[ ]( ) Ste7 *[ ]
                     − KPtp2 Ptp2*[ ] +KPtp3 Ptp3*[ ] +KMsg5 Msg5 *[ ]( ) p -Kss1[ ]
                        (5) 
In Models I, II, III and VI Msg5 is constitutively active. In this case the equation for 
[Msg5*] is  
€ 
d Msg5 *[ ]
dt =k 3+
Vmax 1 p - Fus3[ ]
n
Km1n + p - Fus3[ ]
n +
Vmax 2 p -Kss1[ ]
n
Km1n + p -Kss1[ ]
n - k4 Msg5 *[ ]                     (6) 
The first term on the right hand side, k3, models the constitutive synthesis of Msg5. The 
second two terms model increased synthesis due to induction by Fus3 and Kss1, 
respectively. Note that for simplicity we have assumed that the parameters in these two 
terms are the same as in the Eq. (1) for Fus3 induction.  The final term in Eq. (6) models 
Msg5 degradation.  For Models IV and V in which Msg5 requires activation by Fus3, 
[Msg5] is substituted for [Msg5*] in Eq. (6) and the term –k8 [Msg5][p-Fus3] is added to 
the right hand side of this equation.  The equation for the active Msg5 concentration is 
given by  
€ 
d Msg5 *[ ]
dt =k 8 Msg5[ ] p - Fus3[ ] - k4 Msg5 *[ ]             (7) 
where we have assumed that the degradation rates of the active and inactive forms of 
Msg5 are the same.  
In Models III and V in which Fus3 phosphorylates and activates Ptp2 and Ptp3, the 
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equations for the active form of these two phosphatases are 
€ 
d Ptp2*[ ]
dt =k 6 Ptp2tot − Ptp2*[ ]( ) p - Fus3[ ]                        (8) 
€ 
d Ptp3*[ ]
dt =k 7 Ptp3tot − Ptp3*[ ]( ) p - Fus3[ ]                        (9) 
where for simplicity we assume that the phosphatases are not dephosphorylated during 
the time course of the experiment. For Models I, II, IV and VI, in which theses two 
phosphatases are constitutively-active, we have [Ptp2*] = [Ptp2]Total and [Ptp3*] = [Ptp3] 
Total  for all time.  
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CHAPTER IV 
SIGNIFICANCE AND PERSPECTIVE 
 Eukaryotic MAPK signaling pathways regulate critical cell processes including 
proliferation, differentiation, and apoptosis. The MAPK pathways that generate these 
unique cell fates intersect by sharing one or several components. The formation of a 
signaling network among the individual pathways allows the cell to integrate information 
about its changing environment. However, this design presents the potential for 
unwanted “cross-talk” between two mutually exclusive cell fates. This chapter discusses 
why cells utilize a signaling network that allows “cross-talk” events and how the research 
findings presented in this thesis broaden our view of mechanisms that control signal 
coordination and signal fidelity. The discussion is further expanded to how our findings 
might provide potential for new therapies in diseases where proliferative and 
differentiation pathways become hyperactivated. 
MAPK signal coordination  
Cells integrate internal and external signals to make cell fate decisions. The 
mating pathway cannot sense external hyperosmotic stress but it responds to internal 
signals from stress activated Hog1. Fine-tuned regulation of MAPK signaling networks 
allows for plasticity in environments containing competing stimuli or signal gradients. In 
Chapter II, we find that stress adaptation limits the mating response until cells are ready 
to mate. In Chapter III, we find that Fus3 regulates the transient activation of Kss1 in 
cells activated by high pheromone. As summarized in Figure 4.1, the two studies provide 
examples of how opposing and cooperating MAPKs regulate one another.  
 A common theme among the pathways studied in this thesis is the use of 
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Figure 4.1 Cross-pathway inhibition coordinates MAPK signaling in yeast. 
Two examples of how MAPK cross-pathway inhibition coordinates cell fate 
decisions. Both studies find that inhibition occurs by two mechanisms, feedback 
phosphorylation of a shared upstream component and phosphorylation leading to 
inhibition of downstream signaling events. Chapter II revealed how cells co-stimulated 
with mating pheromone and hyperosmotic stress adapt to stress before committing to 
mating differentiation. Hog1 coordinates mating and stress signals by feedback 
phosphorylation of Ste50 and feedforward phosphorylation of Rck2, which blocks Fus3 
expression. Chapter III revealed how signal specificity is maintained between the mating 
and filamentous growth (FG) pathways in response to mating pheromones. Fus3 inhibits 
the FG response by feedback phosphorylation of Ste7 and phosphorylation of the FG 
transcription factor Tec1. Phosphorylation of Tec1 leads to its ubiquitination (Ub) and 
proteasomal degradation. Red lines indicate MAPK mediated inhibition. Green line 
indicates the Fus3 positive feedback loop, which is disrupted by Rck2. 
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cross-pathway inhibition to coordinate MAPK signaling. In both signaling contexts the 
mechanism is executed by the phosphorylation of a shared upstream component. The 
phosphorylation occurs on multiple sites and attenuates signal propagation. In the case 
of Ste50, both Fus3 and Hog1 activation is attenuated by the negative feedback, 
however the effect on Hog1 is minor because of activation from the SLN1 branch. In the 
case of Ste7, the preference of the upstream kinase favors Fus3 resulting in diminished 
activation of Kss1. In both examples the contribution of the negative feedback is 
complemented by regulation downstream of the MAPK. Rck2 limits the expression of 
mating genes, while the ubiquitin-mediated turnover of Tec1 limits expression of 
filamentous genes. The discovery of this regulatory mechanism among yeast MAPK 
signaling networks suggests that cross-pathway inhibition of shared network 
components may be common among signaling networks in higher eukaryotes.   
Coordinated signaling between Fus3 and Hog1 
The mating and HOG responses elicit opposing cell fates. Accordingly, Hog1 
diminishes activation of Fus3, by the phosphorylation of Ste50 and Rck2. The transient 
phosphorylation of these two proteins ensures the mating signal remains dampened 
while cells adapt to stress. The duration of Hog1 activation is proportional to strength of 
hyperosmotic stress and production of glycerol required for adaptation (Muzzey et al. 
2009). Once cells adapt to stress Ste50 and Rck2 become rapidly dephosphorylated 
(Teige et al. 2001; Hao et al. 2008b), which suggest that “resensitization” of the mating 
response requires the action of one or several phosphatases. However, the 
phosphatases that regulate either protein have not been identified. Regulation of Ste50 
by a phosphatase might have implications for signaling in mating, filamentous growth 
and HOG pathways, while similar regulation of Rck2 might have more global implications 
in blocking translation initiation.  
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Cross-pathway inhibition and pathway insulation have both been implicated in 
the regulation of simultaneous mating and HOG responses (Patterson et al. 2010). 
Scaffolding complexes organized by Ste5 and Pbs2 insulate the two pathways, which 
agrees with the observation that a single cell is capable of driving simultaneous 
transcription of mating and HOG responsive genes. The Ste11/Ste50 complex interacts 
with distinct partners in individual signaling contexts, Ste5 during mating and Pbs2 
during the stress response. During co-stimulation Ste50 is rapidly phosphorylated and 
Fus3 activation becomes diminished, however the mechanism by which Ste50 
phosphorylation leads to Fus3 suppression is not fully understood. Ste50 contains 
multiple MAPK (S/T-P) consensus sites and the mutation of five sites is required to 
prevent its phosphorylation. The hyperphosphorylation of Ste5 by CDK, which like 
MAPKs targets multiple S/T-P consensus sites, blocks the mating signal when cells are 
at an improper cell cycle stage (Strickfaden et al. 2007). Hyperphosphorylation of Ste5 
disrupts its interaction with the plasma membrane and prevents signaling, thus parallels 
may exist between the hyperphosphorylation of Ste5 and Ste50. Hyperphosphorylation 
of Ste50 by Hog1 may interfere with proper signaling complex formation that results in 
diminished mating signal. The Ste11/Ste50 complex has been reported to form 
oligomers at the plasma membrane (Wu et al. 2006; Slaughter et al. 2008), though how 
the phosphorylation state of Ste50 effects complex formation remains to be investigated.   
Coordinated signaling between Fus3 and Kss1 
Mating pheromones activate both Fus3 and Kss1, which cooperate to produce 
the mating response. The role of Kss1 during the mating response is poorly understood 
and has been the subject of debate (Breitkreutz and Tyers 2002). The two kinases are 
functionally redundant, but only Fus3 is capable of a complete mating response. The 
deletion of Fus3 reduces the mating efficiency dramatically while the deletion of Kss1 
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has no negative effect on pathway activation or mating efficiency (Elion et al. 1991). 
However, the cells energy investment in the negative regulation of Kss1 suggests that a 
role for Kss1 activation may be beneficial to fitness. Several lines of evidence point to a 
role for the activation of Kss1 during the mating response. Inactive Kss1 represses the 
mating/filamentous growth transcription factor Ste12 and this repression becomes 
reversed upon activation (Tedford et al. 1997; Bardwell et al. 1998a; Bardwell et al. 
1998b; Sabbagh et al. 2001). Furthermore, mutation of the catalytic lysine in Kss1 
strongly represses both Fus3 expression and activation in response to pheromone 
(unpublished data). The prerequisite Kss1 activation to achieve a full mating response 
suggests that inactive Kss1 represses Fus3. This model supports the observed transient 
Kss1 activation during mating and the negative feedback loop described in Chapter III. 
Accordingly, activated Fus3 feedback phosphorylates Ste7 to downregulate Kss1 
activation.  
 Kss1 might have a more pronounced role in the response to low concentrations 
of pheromone. Kss1 is the primary MAPK that regulates the filamentous growth 
response during nutrient limiting conditions in haploid cells. The hallmark of the 
filamentous growth response is the formation of elongated cells. In low concentrations of 
pheromone yeast exhibit a similar morphology and grow towards higher concentrations 
of the signal (Erdman and Snyder 2001; Paliwal et al. 2007; Hao et al. 2008a). The 
mating response is switch-like, meaning that cells require a critical concentration of 
pheromone to undergo mating differentiation (Paliwal et al. 2007; Hao et al. 2008a; 
Malleshaiah et al. 2010). Thus, in the presence of high pheromone (above the mating 
threshold) cells undergo cell cycle arrest and mating differentiation, but not filamentous 
growth. Furthermore, Kss1 activation is increased in low doses of pheromone, while 
Fus3 is minimally activated (Hao et al. 2008a). The deletion of Kss1 does not abolish 
elongated growth in low pheromone but cells become less sensitive to the signal. Thus 
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Fus3 and Kss1 may have redundant roles in regulating the elongated growth response 
but Kss1 is more sensitive to low concentrations of pheromone. It is important to note, 
the deletion of a kinase often results in compensation by other signaling modules and 
future experiments will require the use of chemical genetic approaches to better 
understand native mechanisms of regulation (Specht and Shokat 2002). Further 
examination of the coordinated signaling that occurs between these two evolutionary 
conserved MAPKs might provide us with ways to manipulate their behavior. This 
knowledge might present useful for the development of novel therapies against cancers 
and developmental disorders where ERK pathways are often misregulated.   
Coordinated signaling and disease 
 The mating pathway is an evolutionary ancestor of the mammalian ERK 
pathway. The two pathways share a conserved signaling architecture to promote 
differentiation and proliferation (Figure 1.1). Inappropriate activation of the RAS (small 
GTPase) – RAF (MAPKKK) – MEK (MAPKK) – ERK (MAPK) pathway is often 
associated with the development of human tumors. Constitutive ERK activation is 
observed in over 35% of tumor cell lines and is caused by hyperactivating mutations of 
RAF, RAS or an upstream component such as the EGF receptor (Hoshino et al. 1999). 
Most mutations occur in RAS (~30% of all human cancers) and BRAF (~20% of all 
human cancers) with an increase of BRAF mutations (40%-70%) in malignant 
melanomas (Davies et al. 2002; Fremin and Meloche 2010). Provided the high 
frequency of mutations found upstream of ERK that are associated with cancer, several 
inhibitors of pathway components have been developed. Specifically, inhibitors of an 
oncogenic BRAF(V600E) mutant produced clinical efficacy against malignant melanoma 
(Bollag et al. 2010; Flaherty et al. 2010). However, the efficacy of these inhibitors 
becomes limited with treatment as the cancers develop resistance by acquiring 
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additional mutations and undergoing a rewiring of the pathway (Johannessen et al. 
2010; Nazarian et al. 2010). The emergence of cancer drug resistance highlights the 
need for the development of new ERK pathway inhibitors.   
The study of cross-pathway inhibition in the cancer derived ERK pathway is a 
potential avenue towards identifying new therapies. Cells with mutations that drive 
constitutively active ERK promote proliferation and cancer. Our studies in yeast found 
that a stress responsive p38-homolog, Hog1 can limit the activity of the ERK pathway. 
Hog1 phosphorylates a MAPKKK adaptor protein to limit ERK activity. MAPKKKs are 
common points of signal integration among MAPK signaling pathways in humans 
making them potential drug targets for the regulation of downstream signaling events 
(Johnson et al. 2005). Our work further expands on this premise as we find that MAPKs 
regulate these points of integration to coordinate signaling. Examining mechanisms of 
cross-pathway inhibition mediated by human stress responsive pathways, JNK and p38, 
could produce novel strategies for limiting ERK pathway output and regulating tumor 
growth.  
Concluding remarks 
The phosphorelay pathways that are the subject of this thesis were initially 
studied as linear circuits with a single extracellular input and a corresponding 
intracellular output (Chen and Thorner 2007). However, as more data is generated, 
physical and genetic connections between individual pathways are becoming clear 
(Breitkreutz et al. 2010; van Wageningen et al. 2010). Signaling pathways are now 
widely considered as belonging to signaling networks. The work presented in this thesis 
supports this view and further highlights the need for approaches designed to reveal new 
network connections in specific signaling contexts.  
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